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X-ray diffraction study on residual stress and preferred orientation in thin
titanium films subjected to a high ion flux during deposition
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The structural properties of thin Ti films were studied by x-ray scattering techniques aiming at an
improved understanding of residual stress and preferred orientation in thin metal films when
subjected to a high ion flux during deposition. The samples were prepared by gas-flow sputtering
and by subjecting the substrate to a midfrequency bias during deposition. Large arrival ratios of ions
over deposited atomg,/J,, could be realized by this processing. Some hundred nanometers thin Ti
layers were characterized by x-ray reflectometry, symmetiay diffraction, pole figure analysis,

and residual stress measurements by théisiand by the scattering vector technique, the latter
method enabling a depth-resolved determination of stress fields. Whereas the stress state in an
unbiased sample turned out to be tensile accompanied by a domig@@iry texture component,

the biased samples were found to exhibit an overall compressive stress(bb@)diber texture.

The results for the unbiased sample could be explained by a minimization of the elastic energy
density which favors the preferred orientation of crystallograghaxes normal to the substrate
plane. The biased samples closely resembled macroscopic Ti workpieces that were subjected to
severe plastic deformation as was indicatedibpyhe (h0.0) fiber texture along the load direction,

(i) the large compressive in-plane residual stressand(iii ) the depth-resolved course af (2).

It is concluded that a high ion flux onto a growing Ti film has the same effect as a uniaxial
mechanical load stress would have.2604 American Institute of Physics

[DOI: 10.1063/1.1814413

I. INTRODUCTION been demonstratéd* These coatings were prepared in
vacuum-based plasma-assisted processes, where use has

Residual streséRS) and preferred grain orientatigRO)  been made of an ion bombardment of the growing film. The
represent important structural features of polycrystalline thirstrength of the ion flux to the surface of the growing film was
films that might significantly influence the intended function- identified as one of the most relevant depositions parameters
ality. Especially in hard nitride coatings for wear and abra-and its variation may drastically alter film structure and
sive protection, RS is a highly relevant issuan extreme propertie$”** In order to observe the mentioned phenom-
case is represented by cubic boron nitride, c-BN, where thena, high ion fluxes in excess of 1 mA/¢imave to be real-
film delaminates from the substrate when a critical thickness$zed or, to be more specific, the ratio of impinging ions over
of some hundred nanometers is exceeteueferred orien- condensed atoms, abbreviated ByJ,, must significantly
tation of crystallites or texture, on the other hand, is observe@xceed unity. This technical presupposition might be ful-
in practically all thin polycrystalline films grown by physical filled, for instance, in the unbalanced magnetron sputter con-
vapor depositiofPVD) techniques. Like residual stress, pre- figuration or by pulsing the sputtering targét® Only re-
ferred orientation may significantly influence thin-film prop- cently, the introduction of midfrequencgMF) pulsing the
erties, which is not only known from nitride hard substrate has been shown to enable ion fluxes of comparable
coatingé‘17 but also from semiconducting silicon thin strength and the preparation of thin films of so-far unob-
films'®*®and transparent-conductive ZnO:Al electroded®  served propertie$-=?
etc. In this work, we endeavor to elucidate the state of RS

An important question is the interrelation between re-and PO in thin Ti films that are used as adhesion layers for
sidual stress and preferred orientation in nitride hard coatingbard coatings. Some 100-nm-thin Ti films were prepared by
for which the effect of a concomitant change of both hasthe gas-flow sputteringGFS technique in a regime of high

ion bombardment. The GFS technique is based on the hollow

dpresent address: ihp-microelectronics, Im Technologiepark 25, D-1523§athode effect and has been developed as a high-deposition
Frankfurt(Odep; electronic mail: birkholz@ihp-microelectronics.com rate process in the last 1.5 decaded®
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substrate sented here, a cylindrical Ti tubg;40 mmXx 60 mm) was
utilized as target, while the pressure was set to 40 Pa by
adjusting the Ar flow to 850 standard cubic centimeter
per minute(SCCM).

Deposition experiments were carried out by applying a
constant electrical power of 2.5 K(ENI DCG-100 genera-
tor) onto the Ti target, equivalent to a power density of
33 W/cn?. The discharge voltage amounted to values
around 690 V, and the discharge current reached values of
— about 3.6 A. A planar metallic substrate holder with an active
area ofA=100x 140 mnt exposed to the plasma was posi-
tioned 107 mm in front of the target aperture. The substrate
holder could be separately biased by a midfrequency genera-

: : Lo tor, Advanced Energy Pinnacle Plus 5 kW. Polished shims of
In spite of the seeming simplicity of a one-elemental

material, the growth of thin Ti films was revealed in previous 102?6 sxtesel (DINThl'ZOGD werﬁ USEd as substrtatgst
studies to represent a complex system. Magnetron-sputterég) mm mm). The process chamber was evacuated to

Ti coatings deposited at liquid-nitrogen temperatures wer base pressure of some‘_i_(Pa after introducing the sub-
found to assume the high-temperature bcganodification strates. Prior to the depositions, the substrate surfaces were

instead of the room-temperature stable hcp modification analeaned t;y a plasma efching step,hfor v.vhich.the total pressure
to develop ahho) fiber texture®® Popeller and Abermafhy ~ @mounted to 5 P&0 SCCM Ap. The Ti coatings were im--
have studied the growth stress of thin evaporated layers prér—‘ed'ately deposited after the etching step within a d§p03|tlon
pared under UHV conditions. The growth mode and stres me of 300 s and at a rat@ of about 1 nm/s as estimated
state were revealed to be significantly influenced by the inifOM the x-ray reflectometryXRR) results.

corporation of residual oxygen and water from the gas phase 1 ree different substrate bias modes were employed for
and hydrogen from the substrée. the preparation of titanium coatings. For the first two

The common investigation of both texture and RS wasS@mples, the generator was run in the constant-voltage mode
performed in this work by x-ray diffractioiXRD) proce- [© €xert a nominal bias voltag¥g, of ~100 V with a fre-
dures. Since the structural properties of thin films were demduency.», of 100 kHz to the substrate holder and the sub-
onstrated in a large body of work to sensitively depend orptate, Wh.ICh both were at the same electrical potential. The
the film deptr?2%4%4we chose the scattering vector tech- IWO €xperiments differed in the duration of the voltage pulse,
nique for the investigation of RS. This method has recentlylon that was varied by adjusting the delay ting, to 0.5
been introduced into the ficfland enables a depth-resolved @nd 5us, and which is equivalent to a duty cycteto,, of
evaluation of residual stresses on a length scale of the inver§9% and S0%(RQTil and RQTi3. The third sample was
x-ray attenuation coefficiedft:** We will present the results deposited without a bias voltage leaving the substrate holder
of a texture analysis and a depth-resolved residual stred8 a floating electrical state associated with a self-biased sub-
analysis for a set of Ti samples deposited by GFS unde%trate(RQTB). The different substrate bias parameters are
various bias conditions. The PO and RS states in the prdisted in Table I. o _
pared films will be compared with results on macroscopic Ti ~ 1he substrates were not intentionally heated during the

workpieces that were subjected to severe plastic deformatiof0cess. However, a certain temperature increase could be
observed in preliminary experiments, in which an electrically

isolated temperature element was clamped to the back of the
substrate. In order to deal with the thermal inertness of the
substrate and the substrate holder, the actual temperature at
The GFS process is schematically shown in Fig. 1. Thahe surface of the growing film was assumed to be accounted
total pressure is in the 10—100-Pa range, which has impofer by the saturation value, the temperature transient attained
tant consequenceg) the mean free path of gas atoms andafter some minutes of running the process. According to this
molecules is in the 10@4m range, i.e.(ii) neither gas atoms procedure, the deposition temperatlijavas estimated to be
nor ions follow line-of-sight trajectories from the target to about 420 K in the unbiased experiment and about 460 K in
the substrate, butii ) sputtered atoms are retarded to thermalthe biased depositions. The homologous temperatUge,
energies within a few 10 mi¥. In the investigations pre- =T4/T,, of the process was thus in the 0.22-0.24 range,

FIG. 1. Schematic deposition configuration of gas-flow sputtering
experiments.

Il. SAMPLE PREPARATION AND ION
BOMBARDMENT

TABLE I. Midfrequency substrate bias parameters during preparation of Ti layers and derived quantities.

UB 14 toff IB IB/A ‘]i
RQTi No. V) (kHz) (us) (MA) (mA/cn?) 10 Ar*/(cmPs)
1 -100 100 0.5 320-330 2.3 15
2 -100 100 5 910-940 6.5 41
3 0 0 0 Floating
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MWr—————T—7 T in these preliminary experiments compared well with those
0 ] obtained fort,;=0.5us as applied for the preparation of
) sample 1.
-100 4 " v The associated ion bombardment under these process
T conditions could be estimated from the bias currégt,as
-200 t,=04ps i was indicated on the display of the generator. According to
-300 H——————t T S R S S the manufacturer, this value can be considered as an approxi-

mate measure of the ion current drawn to the substrate dur-
ing the pulse-on perioﬁ“. In fact, this assumption will hold if

all electrons are repelled from the substrate, i.e., if the bias
voltage is of the order of =100 V or higher. This was in fact
the case for most of the time during the pulse-on period, see
Fig. 2. The ion current densitg/A and ion fluxJ; in units of
elementary charges per unit time and unit face were derived
from Ig by dividing with the surface of the substrate holder
A, see Table I. The current density is seen to take large val-
FIG. 2. Voltage transients of MF bias potential at the substrate holder meades of 2.3 and 6.5 mA/cfrwhich are otherwise obtained in
sured parallel to the plasma. For all measurements, the adjusted midfrga\/p techniques only by virtue of special magnetic-field

quency and the magnitude of the pulse-on voltage amounted to 100 kHz an . . 7,14 .
—100 V, while the delay time or pulse-off time was varied from @ap) to (%nflguratlong or by pulsmg the targé’f). It has to be

5 us (bottom). emphasized that the obtainddvalues are only rough esti-
mates, since, for instance, the effect of secondary electron
emission has been neglected. It may be concluded, however,

when the melting temperature of titanium,=1927 K, is  that the GFS process in combination with a MF-biased sub-

inserted. Heating effects have already been observed in othgfrate enables plasma-assisted depositions with a large ion

MF-assisted processes. Kellgt al. attributed the effect flux to the surface of the growing film.

mainly to the large electron current drawn to the substrate

holder during the pulse delay time, when a small positive

voltage is appliea.l lll. X-RAY DIFFRACTION AND REFLECTOMETRY IN

Evidently, the heating effect might be reduced by mini-SYMMETRIC 6/26 CONFIGURATION

mizing the interaction of the_plasma With_ the sample, but no The prepared samples were first investigated in symmet-
such measures were taken in the experiments reported hefe. /54 geometry with a Panalytical material research dif-
One of the few Langmuir probe studies of the GFS procesg, ctometer that was operated with a Cu anode at 40 kV and
evaluated tt}g plasma density, for a parallel-plate 45 ma A fast-counting multiple stripe  detector
configuration.” N; was found in the range of 3-5 .celeratop was used in the high resolution, step scan
X 10" m™® for power densities of a few W/chand dis- mode (0.01°/2.1 $. The measured diffractograms are dis-
tances from the target edge of some centimeters. From theﬁi’ayed in Fig. 3, where also the pattern of the uncoated
data and the increased power density in the experiments prépocr6 shim is shown. The ferritd10) reflection is clearly
sented here, we estimate the plasma density in the depositiqgcognized in all patterns at9g=44.6°. The asymmetry of
process to be on the order of some 1G>, the peak is due to the overlapping with the austefifé) on

In order to gain more insight into the ion bombardmentihe small-angle side, @=43.5°. Reflex positions according
associated with the MF biasing, we measured the voltagg, the International Center for Diffraction DateCDD) cards
transients (Tektronix TDS 3032 to which the substrate of ferrite and austenite are shown in the plot. Next to the
holder was subjected. These experiments were performed uBybstrate peaks, the Bragg reflexes of the hcp Ti phase are
der the same conditions as given above except for the dglearly recognizedc/a=1.587. The relative intensities of
target power which was set to 1 kW. Two voltage transient§10.0), (00.2), and (10.1) reflections differ strongly for the
are shown in Fig. 2. They were both measured for thehree samples. For the unbiased sample 3,(@0e2) reflec-
constant-voltage mode of the generator with a nominal puls€ion is the strongest, indicating a preferred orientation of
voltage of =100 V at a cycle frequenayof 100 kHz. The  grains with theirc axis in direction of the substrate normal
different curves display the transients for delay timigsof  ng,, For the biased samples 1 and 2, the texture changes to
0.4 and 5us. The positive counterpulse, preceding the nega¢h0.0).
tive pulse, is clearly recognized to have an average ampli- The thickness and density of Ti layers were evaluated by
tude of some percent of the main pulse amplitudetfgr XRR in the scattering angle ranges®#<4°. For this pur-
=5 us. Moreover, the negative pulse is realized to amount tgpose, the same Panalytical diffractometer was employed, but
much larger values than the nominal —100 V that were adin these experiments, the divergent x-ray bundle was con-
justed at the generator. The effect of overshooting was obverted to a quasiparallel beam by a multilayer mirror and
served to increase with increasing delay time, onlytfgr  scattered intensities were measured by a scintillation counter.
=0.4 us the pulse voltage is roughly equal to the intendedt turned out that the measured reflection curves could accu-
value, while fort,=5 us it is—on the average—Ilarger by rately be simulated when a TiQayer of a few nanometers
about 100%. The voltage transients obtainedtfp=0.4 us  thickness was assumed on top of the Ti layer. The, Té@er

Bias voltage (V)

-300 T T T T T T T T

-10 8 6 -4 -2 0 2 4 6 8 10
Time (ps)
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' : = diffractometer’), which has been developed in a cooperation

% between SEIFERT and the Hahn-Meitner-Institute. Com-
o5 pared with a conventional four circle diffractomet@&ule-

| rian cradlg, it is equipped with an additional axiB; which
20 4 100Cr6 permits a direct rotation of the sample around the diffraction

vector, g, for any orientation with respect to the sample

I

the azimuth¢ and tilt angley and measuring the integral

#3 intensities. Maximum and minimum intensities are given in

3 15 4 #1 J ) - » reference systern.

A e Intensity pole figures obtained for the reflections
£ 10 (hk.€)=(10.0, (00.2, and (10.1) are displayed in Fig. 4.

s |# L The pole figures were measured conventionally by varying
E ] \J

s
W

e
0 WW‘JI \"I‘ ) . . each single plot. Pole figures were corrected for both back-
1 = s /i Sub eaks- ground and layer thickness using the progremntex®. 4’
Tipeaks 12 Sig a ° pesss The results indicate a preferred crystallite orientation in the
| = EI Z < s form of strong fiber textures for all samples. However, sig-
; - - nificant differences are found between layers 1 and 2 on the
30 35 40 45 50

one hand and the unbiased layer 3 on the other hand. In the
first case, thé10.0 pole at~0° and the distinct ring-shaped
FIG. 3. X-ray diffraction pattern of the three Ti layers 1-3 prepared on stee{10.1) poles observed at-29° ((10.1)) and ~64° ((01.1),
S#bstrat_gznag?] ;fr;gt?vn:?;f:sﬁgzcgs ;:Jab%&iebé kosn ot??h;—ri]r?dli)\%z glivehas respectively, reveal é0.0) fiber texture. The fiber is stron-
;c?:gr(z!?rllg to ICDD databaséTi=hcp titan?grr?, Aus=austenite, and pFe eger for layer 1 than 2, exhibiting maximum |nten§|t|es _O_f
=ferrite). 11.3 and 7.7. In the case of layer 3, comparable intensities
are observed for th€l0.0) and (00.2 reflections at the ori-
indicates a postoxidation of the Ti surface, and such oxidagin' A. thorough analysis by means of the inverse pole figurg
tion processes were identified in numerous XRR studies o;]echmque revealed_ the MF-biased samples 1 and 2 to exh_|b|t
onouncedh0.0) fiber textures, whereas the preferred ori-

thin metal layers. The results of the simulations are present o . . .
in Table II. As could have been expected, the two biasefgtea:t'on in the unbiased sample 3 is dominated K9a¢)
I .

samples 1 and 2 are more compact than the unbiased sam h ixial ional ¢ .
3. Also, the thickness of the latter deviates significantly from e uniaxial rotational symmetry of textures is in accor-
H@nce with the deposition geometry, see Fig. 1. Axial sym-

the two other samples as does the surface roughness. Su . ) . LT
marizing, it can be stated that the structural properties med! etric textures or f|per t.extu_res_are typlcallly observed in thin
sured by XRR differ only a little for samples 1 and 2. They ilms when no special direction is emphasized by the process

are distinct, however, from the unbiased sample 3 whicigeometry. In such cases, the stress field can be expected to be

does not have the high degree of compactness, but is thick8K1ally symmetric, too, and is fully accounted for by a single
and exhibits a more pronounced surface roughness. componentg;, for the in-plane stress.
The quantityJ, given in Table Il stands for the number
of built-in Ti atoms as derived from the XRR-determined
thickness and density. The ratio of impinging ich®ver J, V. RESIDUAL STRESS ANALYSIS
is the decisive parameter in characterizing the amount of iorA Conventional sin 2 & method
bombardment during film growth. In experiments 1 and 2,
Ji/J, is seen to become 2.7 and 7, respectively, being signifi-  In order to gain comprehensive information on the layer-
cantly larger than 1. inherent residual stress state, different methods of x-ray
stress analysi$XSA) were applied. For the parallel beam
setups, a polycapillary semilens in the primary beam and a
grazing incidence x-ray diffraction unit consisting of a 0.4°
Soller slit and a001) LiF monochromator in the diffracted
Texture as well as residual stress analysis were petbeam were used in order to reduce the Ti fluorescence radia-
formed with CoKea radiation at 32 kV and 50 mACoKa  tion and to prevent the geometrical diffraction line broaden-
=179 pm on a new type of five circle diffractometéETA- ing.

Scattering angle 26 (%)

IV. DETERMINATION OF TEXTURE BY X-RAY
DIFFRACTION

TABLE Il. XRR-determined structural parameters of Ti layers and derived quaniitiasd J;/J,.

t R o o/l ppi Roughness J

a
RQTi No. (nm) (nm/9 (g/cm?) (%) (nm) (10%/crrés) Jild,
1 296 0.99 4.496 99.7 4.8 5.57 2.7
2 313 1.04 4.473 99.2 4.4 5.86 7.0
3 409 1.36 4.468 99.1 7.4 7.66 A.
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-0,06 4,86 -0,05 4,26 0.01 2,88

FIG. 4. Intensity pole figures of the three Ti layers obtained for the three strongest reflétod®s(00.2), and(10.1). Minimum and maximum values of
the intensity distributions are given at the bottom of each figure.

In the first step, we applied the conventional?sin  observed for layer 3 reveals the presence of tensile stresses
method?® which yields an average valuég)), of the in-  within the film. The small oscillations of the data are prob-
plane film stress from the slope of thiéhkl) versus siRy  ably due to the texture, i.e., the effect of macroscopic elastic
plots obtained by stepwise tilting the sample around an axignisotropy on the macroscopic scaleather than to residual
parallel to the diffraction plan@¥ mode. Despite the strong  gtress gradients.
texture, sufficient intensity was diffracted at tt1€.0) and at We used the model of Eshelby and KreWet to calcu-
the(lo']). lattice pl_anes, respectively, W't.hm a ywd_e range of late the diffraction elastic constants,(hkl) and %sz(hkl),
sir? 4. Figure 5 gives thel(hkl) versus sif ¢ distributions : . .

needed for stress evaluation from the single-crystal elastic

for the (10.1) reflections of the three samples. We found o 52
almost lineard versus sif ¢ distributions with a clear nega- Cconstants;, of titanium, see Table IIt” The results of the
tive slope, indicating compressive in-plane stresses in botRiM ¥ analysis are summarized in Table IV. Comparing the

ion-bombarded layers 1 and 2, whereas the positive slop@verage in-plane residual stressés)'* and (o))'*%, ob-
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0.226 angle n» changes the diffraction geometry continuously from
m RQTI1 |4 the ¥ mode into the( mode of the XSA and concomitantly
0.095 S CE varies the penetration deptfi® which is generally definéd
by
0224 _sir? - sir? ¢+ cog Gsir? ysir? y "
0.903 “‘-!'i[ 7 2w sin 6 cosys )
g with u accounting for the linear attenuation coefficient of Ti
= 0,2255[ RQT2 M being 0.1326um™* for CoKa. Thus, 7 can be varied even
2 bh-.‘_ for fixed orientationsys of gy, enabling a straightforward
> evaluation of the residual stress profiles from the measured
§ 0.2245 = strain profiles. For a biaxial residual stress state of rotational
@ in-plane symmetry(i.e., oy;=0,=0y), the fundamental
8 - equation of the XSA yields
§ 02235 »
O'H(T) =71 Sw( ) (2)
0.2248 RQTI3 ESz(hkl)Slnz Y+ ZSi(hkl)
0.9246 . : with &,(hkl)={d,(hkl)-dy(hkl)}/dg(hkl) and dy(hkl) giving
' @\ gl the strain-free lattice parameter. Because of the exponential
0.9244 ; (A attenuation of x rays in matter, the experimentally obtained
' 14 - strain depth profiles as well as the stress profiles derived
’ T from Eq. (5) are the exponentially averaged “Laplace pro-
0.2242 i i X .
files” of the corresponding-space profilesg,(hkl,z) and
0 0.2 04 , 06 0.8 1 o0y(2), respectively,
sin2ys t t
FIG. 5. d vs sir? ¢ plots, CoKa, (10.1) reflection. The solid lines corre- Sw(hkl’T) = Jo 8¢(hk|’z)e ﬂTdZ/ fo € ﬂTdZ’ 3
spond to the Reuss straight line, the slope of which yields the average

in-plane layer stres&r). sir? ¢* marks the position that corresponds to the

strain-free direction of the biaxial stress state. ! - ! _z
o(n =] o(2e?dz e ?7dz, (4)
0 0

tained for the two investigated reflectio(®0.0 and (10.1),

respectively, we found a very good agreement for thewith the layer thicknesst, as the upper integration limit.
samples 1 and 2, but a large difference between the indiere, we chose to elucidate the variation (@0.1) reflec-
vidual values for Ti film 3. We exclude experimental artifactstions. For samples 1 and 2 we performed lattice spacing
to be the reason for this unusual behavior, but assume th&epth profiling in the scattering vector modeyat 29° and

the complex texture in combination with second kind mi-64°, respectively, which corresponds to t{il.0Q texture
crostressego'"), is responsible for the seemingly contradict- poles, and aty=55°, 65°, and 75° for layer 3. The appropri-

ing results of sample 3. ate tilt anglesg, were chosen from the inspection @f0.1)
pole figures, compare Fig. 4, by selecting angles from large
B. The scattering vector method intensity regions to improve the statistical significance of

measured data. For the evaluation of the in-plane stress depth

In the second step, the scattering vector method was ayofiles, we applied a variation procedure, which is based on
plied, which has been developed especially f%r X-ray strésghe high sensitivity of the lattice strais(hkl), with respect
gradient analysis in strongly textured thin fili#fs*“As in g do(hkl). So it becomes obvious that two or more stress
the conventional sfw, method, the shift of the Bragg angle depth profilesaﬁ"")(f), obtained according to E@5) for dif-

¢ is measured for different orientations of the sample. But interent inclinations g, will only fit together in the sense of a
contrast to the sfw-based methods of the XSA, lattice «pjyersal plot,” if the correctly(hkl) is used. This criterion,

spacing depth profiling is performed by recording the diffrac-p,gwever. can be used to determighkl) itself 4246
tion profiles after the stepwise rotation of the sample around  The results obtained by means of the scattering vector
the diffraction vectorgy,, named -scan.” This rotation by method are summarized in Fig. 6. The real-space stress dis-

tribution in the layers was approximated by a linear model

TABLE llI. Diffraction elastic constants for the different evaluated reflec- a(2)=cy+c, z, for which the corresponding Laplace trans-
tions calculated by means of the Eshelby-Kroner model. form was caI(,:uIated from Eq7)

s,(hkl) 1s,(hkl) te V"
hk.I (X107 MPa) (X100 MPa?) on=Co* e\ 7= T 0 (5)
10.0 -2.98 12.03 _ _ _
10.1 290 11.80 and fitted to the discrete stress data. In all cases, the residual

stress state was found to be nonuniform with respect to the
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,—'—‘ TABLE V. (10.1) lattice spacings measured in the strain-free direcffoof
-0.6 Surflace Ll — the biaxial(resid)ual stresz stat?e and obtained by means of a varci’:f:i)on proce-
-7 dure ford, and residual stress gradient evaluation in the frame of the scat-
-0.8 ; “‘;= Zi: lg_uﬂ—l)'\‘ C i tering vec?tor methodRef. 43, regspectively.
1.0 -y 20¢ d,+(10.3 d3"M10.1
1O o(7) : ;Qﬁ RQTi No. (nm) (nm)
_ L s enpemor| | ! 1 0.22454 0.22456
é-‘;_’ 2 0.22449 0.22448
= 0.4 = 3 0.22440 0.22425
9 o} W 28° =
% O y=64° "’,—’
3 -0.6 e r;‘;_p_!wp. 02 second kind of microstressés'') could be responsible for
® -07 5 S these findings. Further research work will be necessary to
% 08 9 [ RaTI2 give evidence for this hypothesis.
B : | _ In order to exclude sys_tematlc dew_atlons from the biax-
- 1.0 | | ial stress model due to residual stress fietggnormal to the
=y =55° e =3 film plane, we compared the lattice spacingk,(101),
0.6 2\v=65° = = measured in  the strain-free  direction ¢* (hkl)
H™ vy=75° W_ =arcsin/-2s,(hkl)/1/2s,(hkl) of a pure biaxial stress state
0.2 with the lattice spacingsi;Y™(101) obtained for the strain-
< iTQT?I— freo lattice spacind,(101) within th(_a fr.amework of the scat-
0.2 . tering vector methodTable V). Deviations ofd,(hkl) from
0 0.1 0.2 0.3 the strain-free lattice spacirdy(hkl) are correlated witlrgg
z, t[um] by

FIG. 6. In-plane residual stress profiles evaluated by means of the scattering — dt//*(hkl) ~ do(hkI)
vector method. The straight lines give the fit to measured data points, while do(hk|)[182(hk|) + SSl(h k|)] '
the dashed lines indicate their inverse Laplace transform to yield the real- 2

space depth distributiom(2). The films’ surfaces are a=0. which can be used at least for an estimation of the normal

stress*? Inserting the respective lattice spacings summarized
Q_Table V into Eq«(9) yielded only very small values fars;
ésome 10 MPa, and therefore, we conclude a nearly perfect
laxial stress state within all three layers.

(6)

033

layer thickness. So we observed a decrease of the <:ompreI
sive stresses towards the interface between the layer and t
substrate for samples 1 and 2. The shift goes in the sam
direction for layer 3, but the stresses are tensile on an abso-
lute scale. Furthermore, the average streésgobtained by VI. DISCUSSION
means of the sy method(cf. Table 1V) fit quite well into According to the structure zone mod&ZM),****5the
the depth profiles. samples prepared at a homologous temperature of 0.22-0.24
However, this argument applies for the unbiased layer 3vould have to be categorized into zonkTlinto the notion
only for the(10.1) reflection. For this reason, we performed of Machlin, where growth is determined Igij medium ada-
additional measurements in the scattering vector mode at them mobility and(ii) medium grain-boundary migratidh.it
(10.0 reflection, and found a quite similar stress depth proshould be remembered th@j is only operative for the top-
file like that shown at the bottom of Fig. 5, but shifted by most atomic layer, whiléii) is active after burying the grains
about 500 MPa towards higher tensile stres§ex shown by subsequent deposition and might even operate after stop-
herg. On the one hand, the Sigr method and the scattering ping the deposition process, compare Ref. 40. For structure
vector method are concluded to yield comparable results forone bT, important examples from the group of metallic
each of the investigated reflectioni$0.0) and (10.1), al-  materials were reported in the literature, where the morphol-
though they differ by about 500-600 MPa on the absolutengy, texture, and RS were shown to be determined by grain-
scale on the other hand. As mentioned before, we assuntgmundary migration, i.e., secondary recrystallization, the
that both the rather complicated texture of this layer and thelriving force stemming either from the energy of crystallite
fusion or from the relaxation of built-in stress.
It should be noted that the categorization of the Ti depo-

TABLE IV. Results of the residual stress analysis based on th&ysin . . . .
Y vs sitions performed in this work into the SZM has to account

method.
for the high ion bombardment. The impact of hyperthermal
(ayptoo (o)10t particles on the growing film is generally considered to be
RQTi No. (MPa) (MPa) associated with an increase in adatom mobility and an accel-
. . . . 4 .
1 1059438 900425 er_ﬁtl[(r)]n ofI grglrt]-bour;]of?ryfrp;grat|0ﬁ.'lr']ho ion _b(t)mbartdm(:nt
5 614414 632411 will thus lead to a shift of film morphology into a structure

3 787437 227418 zone of a higher, effective homologous temperature,
Thom.ef™ Thom The effect may especially be pronounced in
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expenmepts with MF biasing _the subgtrate dge to the heating V= %(Smﬁ S ZSllzg)of @)

by incoming electrons reaching the film during pulse delay

time. on the in-plane residual stresgand the elastic compliances
Regarding the effect and the nature of the ion flux, anSjk Of the monocrystal. If the samples are assumed to exhibit

interesting conclusion can be drawn from a comparison oft Perfect (00.¢) texture and Ti data[s;111=Sy22,=9.59,

deposition rate®R. It is seen from Table Il thaR remains  Sasas=6.99, S1125=—4.62, ands;;55=—1.90x 10°° MPa (Ref.

almost unchanged for samples 1 and 2 but increases for 2] are inserted, this formula might directly be applied to

unbiased sample 3. The first values are about 25% small&f€ld an elastic energy density of

than the latter. We assign this rnateria}l lack to a rgsputtering _(00.2) = (S + Snzz)of: 4.97% 10° Mpa—lo_HZ (8)

effect that occurred due to the impacting*Aons during the

pulse-on period. It is evident from the sputter yield curvefor a c-axis fiber texture. In case of a perfeti.0) texture,

Y(E) of Ti in the low-energy rang® that the average ion the fourth-rank tensosy, has to be transformed by the

energyE; will lie above the threshold value to cause a dis-Orthogonal matrix,a;s=a»=1, az;=-1, all other &;=0,

placement of atoms in the Ti lattice-like generation of inter-into the  sample-related  coordinate  systemsy

stitials.57The value for the latter amounts to about 3 eV in™am&jn8kAp Smnop (SUMMation conventignand we obtain

metals;’ and from the 25% resputtering and inspection of T _1 2

the Y(E) curve it can safely be assumed that the majority of Viaoo = 2(S11+ Sasas+ 251390

impinging Art surmounted this value. It is thus derived that =6.39X 10°® MPa to? (9)

D 0T % s S 1ot e Athough tese ol vk crly
. . . Spply on fully textured films, while the Ti samples exhibited

layer but is larger than the lattice displacement ENe'Wurther texture components, we may draw two tentative con-
Eais < Ei <Esp o ) ] clusions from them. Firstly, th€00.¢) fiber texture is real-

The most significant point with respect to the averageeq to he energetically favored oveth®.0) fiber texture for
stress in all three samples is the change from a tensile stregs;onstant in-plane stress. It might thus be understood that a
in sample 3 to a compressive RS in samples 1 and 2 by thg ¢) fiber developed in the case of sample 3, where the
usage of MF biasing the substrate. This is in agreement withesidual stress was argued to stem from the grain-boundary
the stress reversal observed in magnetron-sputtered mei@jaxation. However, the elastic energy is independent of the
films®® which may be switched from tensile to compressivesign of o, and also the large compressive stresses in samples
by bombarding the surface with a large ion flux. The residuall and 2 would favorably accommodate tdG0.¢) texture.
stress in thin films that are not subjected to a large ion flux iSince this is not the case, it is realized, secondly, that
mostly found to be tensile, which is understood in the grainsamples 1 and 2 occupy a metastable state regarding the
boundary relaxation model to be caused by the coalescenstored elastic energy. The energy input that is necessary to
of neighboring growth columns associated with an extensiomxcite the system to the higher-energy state would evidently
of interatomic bonds in the film plari&>°The transition to a have to be supplied by the large ion flux.
compressive stress by biasing the substrate could be modeled It is intriguing to compare the texture and the stress state
in sputter deposition processes by a forward sputteringVith those of plastically deformed Ti or other Close-packed
mechanism based on knock-on linear cascade theory. Alructures as known from the investigations of bulk metals.

tensile-compressive threshold was identified from experi-The process of plastic deformation in metals is associated
ments to scale with the ion flug. It was argued that the with a redistribution of grain orientations. Pronounced fiber
threshold would be given by the atomic displacement energifXtures typically evolve under uniaxial compression or
of metal atoms in the deposited crystallographic structure. uniaxial extension where those lattice planes are oriented
This approach was found to explain a large set of eXperiparallel to the deformation direction that exhibit a low acti-
mental observations although uncertainties remained with re\{atlon energy for deformational slip. In one-elemental met-

spect to the nature of compressing species and the questigr|15’ the preferred slip systefk(Kuuw) is given in most

of the underlying mechanismienergy or momentum cases by_ hlghly dense oc_cup|ed Iattlce_ pl_afld_g}. PIaSt_'C
58 deformation is accompanied by a redistribution of orienta-
controlled.”™ From the RS measurements of our samples, w

ions and might be monitored bthk¢) and ole
conclude that a comparable stress reversal may be initiated‘?I 9 ! $hke) (low) p

. S ) res.
gas-flow sputtering by MF biasing the substrate and dragging™ |, hcp metals, the main active deformation mode might

a large ion flux to the metal film. This finding could not have sither be due to basal slig00.1}(10.0, prismatic slip
been simply expected since neutrals and ions in the GF$10,01(00.7), or pyramidal slip along {10.1 lattice
process suffer a much higher collision rate in the gas phasgianes®®6! |n principle, hexagonal metals are particularly
than in MS processes. sensitive to deformation by twinning, but it turned out that
The elastic energy density stored in both the unbiased|ip is generally favored over twinning in Ti leading to a
and MF-biased films can be estimated on the basis of gubstantial reduction of twinning at high str&frin addition,
simple assumption. The elastic energy density depends fqrismatic slip{10.0;¢00.1) was identified as the main active
coinciding sample coordinate and crystallographic coordideformation mod¥ and uniaxially deformed hcp Ti work-
nate systen{xsillxci) according to pieces were found to exhibit pronounced axially symmetric
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(h0.0) deformation texture®:®® This is exactly the state of conditions, it can be concluded that the observed changes in
texture we observe for Ti films prepared under a high ionthe thin-film structure are caused by the large ion flux onto
bombardment. Whereas strong intensity maxima are obthe surface of the growing film.
served in(10.0 pole figures of samples 1 and 2, much less
reflection intensity is collected in the origin ¢00.2 pole
figures; see the two topmost rows in Fig. 4. We conclude tha
the state of texture in the samples prepared under a high ion The gas-flow sputtering technique was successfully ap-
bombardment compares with a deformation texture as typiplied to prepare thin Ti films under a high ion bombardment
cally obtained for Ti bulk samples after severe plasticregime. This was achieved by MF biasing the substrate,
deformation. which is associated with high ion fluxes in the

We also have to point to the distinction between load10*® Ar*/cns range and a high ion-to-deposited-atom ar-
stress(LS) and RS. In the deposition experiment, which werival ratio J;/J,. Two samples prepared under distinct high
consider as a process of plasma loading, the stress tenson flux conditions and a third sample, prepared without ion
only had one compressional component in direction of thébombardment under free-floating conditions, were structur-
substrate normalo™> <0. If a macroscopic workpiece ally characterized by x-ray scattering techniques. X-ray
would be subjected to such a mechanical load, one wouldtress analysis was carried out in the framework of the re-
expect to measure residual stresses of tensile character aloogntly introduced scattering vector technique, enabling a
the deformation directiom™> >0 and a compressed com- depth-resolved determination of the RS state. Stress fields in
ponent in the transverse directimﬁqsu<0. In addition, be- all films were found to be fully accounted for by the biaxial
cause of the equilibrium conditions the stress tensor has tstress model. The scattering vector technique yielded consis-
obey, the RS component in the deformation direction willtent results when compared with the conventionaF gin
practically vanish in the vicinity of the surfacer,RSLzO, technique, and the investigation has thus extended the proven
while the transverse component would remain—albeit, exfange of usefulness for this technique. In-plane stresses,
hibiting a reversed sign compared to loading. The sign conwere found to decrease towards the film surface having their
version of stresses measured by diffraction techniques frorhighest, i.e., most compressive values within the surface
the loading to the postloading state is an experimentallyplane. Large compressive stresses between 0.6 and 1.2 GPa
well-established fact, for which stresses of the second an@nd a uniaxial texture with preferredaxis orientation were
third kind are considered as the main rea$bfihe residual observed for the samples prepared under high ion bombard-
stress outlined above is exactly the stress tensor that is oaent, whereas a tensile stress of about 0.2 GPa and a domi-
served by the XRD analysis of Ti films 1 and 2. We concludenating c-axis fiber texture were identified in the unbiased
that the RS tensor measured for MF-biased films is a furthegample.
indication that these samples were subjected to plastic defor- The results on preferred grain orientation and residual
mation by an out-of-plane compressive load duringStress in GFS-prepared Ti films were interpreted by a model
deposition. of plasma loading; MF biasing the substrate causes a large

A third indication for this hypothesis is given by the flux of ions to be dragged to the substrate. During the depo-
depth dependency of the in-plane RS componefi). In  Sition, every Ti atom of the topmost layer is on the average
the two biased samples, the compressive stress is realized 8 by more than one Arion, J;/J,>1. The ion energy sur-
increase to its maximum value by approaching the surfacgounts the atomic displacement energy of the solid being
from the interior, see Figs.(8 and b). This can be com- deposited, but is lower than the sputter energy,
pared with stress profiles as measured in macroscopic worlEdis< Ei <Es, Regarding the concomitantly obtained results
pieces that were subjected to a shot peening treatment. P texture and residual stress, the MF-biased samples closely
general, in these samples, the transverse residual stress'@semble plastic deformation, as known from studies on
found to be compressive, too, and to increase to maximurirge-volume Ti workpieces. This is evidenced from the pre-
values in the vicinity close to the surfatelt should be ferred orientation of preferential slip plang20.1) along the
emphasized, however, that there exist some distinctions bdoad direction and the large compressive residual stress along
tween the two stress states like a pronounced maximum |H1€ in-plane directions. It is argued that the ion flux from the
0y(2) that occurs in shot-peened material. We currently unPlasma causes a rearrangement of deposited atoms in the
derstand these distinctions by the different nature of thdopmost atomic layers. Because the process is active during
peening process that is performed in one case by atomic iorf§owth, each layer is affected and a thin film is finally ob-
and in the other case by voluminous metallic or ceramic ball$ained, exhibiting a comparable microstructure as it would be
ha\/ing diameters in the micrometer range. The two treati.nduced in maCfOSCOpiC material by mechanical IOading. Itis
ments are also clearly different by their dynamics, since irexpected that the mechanism of “plasma loading,” as out-
the atomic peening process the materia' is grown |ayer-by|jned here for metallic Ti ﬁlmS, will also account for the state
layer while subjected to plasma loading. of residual stress and preferred orientation in other thin-film

To summarize, the state of preferred orientation and rematerial systems.
sidual stress in Ti films prepared by MF biasing the substrate, _ _ _ o _
shows strong similarities when compared with macroscopic M. Ohring, The Materials Science of Thin Filmigcademic Press, San

. . . . Diego, 1992, Chaps. 9 and 12.

workpieces that were subjected to severe plastic deformationay, ;. Zhang, 1. Bello, Lifshitz, and S. T. Lee, MRS Bul8, 184 (2003.
From a comparison with a film prepared under free-floating °k. Helming and B. Rauschenbach, Phys. Status Solidid, K1 (1986).

II. CONCLUSIONS
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