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Structure and morphology of nano-sized W-Ti/Si thin films
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Abstract: Thin films were deposited by d.c. sputtering onto a silicon substrate. The
influence of the W—Ti thin film thickness to its structural and morphological charac-
teristics of a nano-scale were studied. The phase composition and grain size were
studied by X-ray diffraction (XRD), while the surface morphology and surface
roughness were determined by scanning tunneling microscopy (STM). The analysis
of the phase composition show that the thin films had a polycrystalline structure —
they were composed of a b.c.c. W phase with the presence of a h.c.p. Ti phase. The
XRD peak in the scattering angle interval of 38°—43° was interpreted as an overlap
of peaks corresponding to the W(110) and Ti(101) planes. The grain size and the
mean surface roughness both increase with the thikness of the thin film. The chemi-
cal composition of the thin film surface was also analysed by low energy ions scat-
tering (LEIS). The results show the surface segregation of titanium, as well as a sub-
stantial presence of oxygen an the surface.

Keywords: PVD W-Ti thin film, scanning tunnelling microscopy (STM), low energy
ions scattering (LEIS), X-ray diffraction (XRD).

INTRODUCTION

Tungesten — titanium (W-T1) thin films were developed as an alternative to ti-
tanium-based films, which were considered as protective coatings.; Thin films of
W-Ti with specific structural and other properties can be used in very important
fields: protective materials — anticorrosion and oxidation resistant films, micro-
electronics — diffusion barriers, and gas sensors for the detection of pollutants such
as CO, NO, and SO,.2:3 In addition to high hardness and adhesion, these films
should be thermally stable and oxidation resistant.# Modifications of the micro-
structure in the presence of the active element (titanium) in W—Ti alloys can influ-
ence diffusion rates and mechanical properties of the thin films, playing an impor-
tant role in the oxidation behaviour of the material.l

*  Corresponding author.
#  Serbian Chemical Society active member.
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To improve the characteristics of a tungsten thin film used as a gas sensor and
diffusion barrier, Ti atoms were added to W, using a W ¢ Tij | (w.t.) metallic target
for the sputtering process. Investigation of the structural and morphological char-
acteristics on a nano-scale is important for the practical applications of these films.
Overlapping of peaks attributed to W and Ti phases occurs in the X-ray diffraction
(XRD) analysis of W-Ti thin films.> The deconvolution of the resulting peak at 26
=400°20" yielded an identification of the b.c.c. W(110) and h.c.p. Ti(101) phases.

In this work, the structural and morphological characteristics of W—Ti thin
films sputter deposited on single crystal Si(100) vs. the film thickness over a wide
range from 10 nm to 900 nm were investigated. The grain size and the surface
roughness on the nano-scale were measured and analysed. The surface composi-
tion was also determined using low energy ion scattering (LEILS).

EXPERIMENTAL
Thin film deposition

The tungsten — titanium thin films were deposited by d.c. sputtering of a sintered target (90 % W
—10 % Ti w.t.) by Ar* ions. The substrate used in the experiment was single crystal silicon(100). The
standard procedure was applied for preparing the substrates prior to film deposition — the substrates
were cleaned in HF solution and deionised water. The deposition was performed at room temperature
using a Blazers Sputtron II vacuum system. The acceleration voltage (U = 1.5 kV) and current on the
target (/ = 0.7 A) were maintained constant during the experiment. The base pressure in the chanber
was p = 1.33x1073 Pa and the partial pressure of argon was p ,, = 1.33 x 10! Pa. Under such conditions,
the constant deposition rate was 0.095 nm s'!. After deposition, the thickness was measured by a
profilometer — Talystep I. The thicknesses of the W — Ti thin films ranged from 10 nm to 900 nm.

Phase composition of the thin films

The phase composition and crystalline structure of the W—Ti deposits were determined by the
X-ray diftraction method using a SIEMENS diffractometer with CuKa radiation. The powder X-ray
diffractograms were obtained with Ni filtered emission. Angles 20 in the range from 30° to 80° were
scanned in steps of 0.02° in a time sequence of 1 s. Phase identification was made by comparing the
diffraction patterns with Joint Committee on Powder Diffraction Standards cards.®

Crystalline sizes (D) were determined by applying the corrected Scherrer equation (1):

= @360x10710m _ 795x1071%

= (1)
273 cos6 P cos6

where: a is a geometrical coefficient (@ = 0.9 for cubic crystals), 4 is the wavelength of the X-ray
beam (Acyke = 1.5418 x 10719 m), 26 is the reflex from the reference sample (crystalline size larger

than 500 nm), f =+ b% — B is the corrected line broadening, B is FWHM of the peak and b is a cor-
rection factor.” The FWHM values were determined using a Gaussian fit and K-stripping with
freeware evalutation software (Diffract Plus — BRUNER - axs).

Surface morphology of the thin films

The surface morphology and surface roughness of the deposited W-Ti thin films were ana-
lysed by scanning tunnelling microscopy (STM) Nanoscope IIII at room temperature under atmo-
spheric pressure. The STM images were obtained in the constant current mode using a Pt(10 %)Ir
tunnelling tip. The surface roughness of the deposited W—Ti polycrystalline thin films was mea-
sured using the section analysis program in the frame of the STM software.



NANO-SIZED W-Ti/Si THIN FILMS 971

Chemical composition of the film surface

Low energy ions scattering (LEIS) experiments were performed using the setup described in detail
elsewhare.® Tons of Ne' in the energy range 1 — 2 keV were scattered from a W—Ti sample placed in the
UHV chamber. The incoming angle ¢ and the scattering angle 6 can be continuously changed in the
range 0° to 90°. This range of incoming and scattering angles also provides for analysis by direct recoil
spectrometry (DRS). The typical ion current density during the measurements was about 1 pA/cm?,
During the experiment, the pressure in the chamber was lower than 5x10" mbar. The sample was
cleaned by grazing incidence sputtering with Ar* ions until the steady state was obtained.

RESULTS AND DISCUSSION

The XRD diffractograms of the W—Ti thin films deposited on a silicon sub-
strate with three different thicknesses (10, 150 and 440 nm), are presented in Fig.
1(a—c). For very thin tungsten — titanium films (10 nm), a single peak in the range
of 65 — 74° (denoted here as peak A) of relatively low intensity can be observed.
Two peaks are present in the XRD spectrum of the 150 nm thick W-Ti film: In ad-
dition to the prevously mentioned peak A, an additional peak appeared in the range
of 38 — 4309 (denoted here as peak B). Finally, only peak B was present in the XRD
spectrum of the 440 nm thick W-Ti film sample. Peak A is attributed to the reflec-
tion from the Si(400) plane, at the position 26 = 69.103° according to the JCPDS
card (35-1241). This interpretation was confirmed by measuring the XRD spec-
trum of the Si(100) substrate for the same scattering geometry. Peak B consists of
two overlapping peaks corresponding to W(110) at 20 = 40.264° (JCPDS card
04-0806) and Ti(101) at 20 = 40.170° (JCPDS card 44-1294). The position of the
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Fig. 2. Intensity of XRD peaks at 20 = 38 — 43° and 26 = 65 — 74° as a function of thicknesses of
W-Ti deposited on Si.

mentioned peak coincide well with the center of the interval 20 = 38 — 43° at which
peak B is situated. Moreover, they are the most intensive peaks in the XRD spectra
of the corresponding reference samples. This interpretation agrees with that of
other authors:> polycrstalline W—Ti thin films are composed of a body centred cu-
bic W phase (S.G.: Im3m(229)), accompanied by a hexagonal closely packed Ti
phase (S.G.: P63/mmc(194)).

The peak intensities vs. the thin film thickness are presented in Fig. 2. It is
clear that intensity of peak A decreased with increasing thin film thickness and
practically vanished between 150 and 440 nm. This behaviour can easily be ex-
plained knowing that this peak corresponds to the substrate: the intensity of peak A
decreased with film thickness due to the limited information depth of the XRD
technique. The dependence of the intensity of peak B, which corresponds to the
thin film itself, can also be explained by its origin. The absence of peak B at 10 nm
is partly due to the low surface sensitivity of the XRD technique, and certainly due
to the very small size of the crystalline grains. Consequently, the peak grows with
increasing film thickness and also becomes narrower (cf. Fig. 1) due to the increase
of the grain size. According to the original composition of the target (W o—Tig |
w.t.) used for the deposition of the W—Ti thin films, it can be assumed that the dom-
inant phase is b.c.c. W with the texture in the (110) direction.

As an example of the LEIS results, two spectra on Ne™ ions scattered from W-Ti
surface are presented in Fig. 3. The energies of the primary ions were 1 keV and 2 keV.
The incoming and scattering angles were 20° and 40°, respectively. Three peaks, cor-
responding to oxygen, titanium and tungsten, are clearly visible. In the case of spectra
obtained with 1 keV ions, a peak that corresponds to directly recoiled (DR) oxygen
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ions is also observed. The broad maximum in the spectrum of the 2 keV ions is super-
imposed from LEIS and DR peaks corresponding to oxygen. The very pronounced ox-
ygen signal in spite of the high neutralization probality and low scattering cross-sec-
tion can only be due to its domination in the first atomic layer. The peak attributed to Ti
appears in both spectra whle the tungsten peak is clearly visible only for primary ion
energies of 2 keV, when the information depth is greater. This imples that tungsten is
not present in the first atomic layer. The absence of tungsten at the W—Ti thin film sur-
face cannot be explained by standard alloy segregation models.% !0 Hence, it is most
probably related to the increased surface concentration of oxygen: according to the
thermodynamical consideration of the most stable tungsten and titanium oxides (WOj3
i.e., TiO,), the formation of TiO, (AHfyy = —944 kJ/mol) is energetically favoured
over the formation of WO3 (AHgyy, =—841.3 kJ/mol). The presence of oxygen at the
surface during the LEIS experiments can be explained by the exposure of the thin film
to the atmosphere before the measurements. The presented assumptions for different
film thicknesses are confirmed by additional LEIS and X-ray Photoelectron Spectros-
copy (XPS) measurements. 12

The grain size dependence on the deposit thickness is presented in Fig. 4. For a
deposit thickness of 100 nm, the grain size is 7.1 nm. The grain size increases up to
13.7 nm for a thickness of 150 nm, probablx due to the association of two grains.
For greater thicknesses (up to 900 nm), the grain size increases monotonously to
about 31 nm, for the highest thickness. However, it does not change significantly in
the range from 440 nm to 900 nm: it appears that the grain size reaches its satura-
tion value for thicknesses greater than 440 nm.

The results of the STM analysis showed that the resolution and the vibration
stability of the instrument were good enough to obtain reproducible image, reveal-
ing details of the surface morphology of the sputtered W—Ti thin films. The surface
morphologies of the deposited films are presented in Fig. 5 (a—b). The STM micro-
graphs indicate that the deposited films have polycrystalline forms with a fine
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grain structure.!3 For film thicknesses of W—Ti on silicon less than 150 nm, the
STM micrographs of the surface showed that the deposit uniformly covers the sub-
strate. With increasing thicknesses, agglomerates composed of several small gra-
ins were more expressed. The agglomerate appearance at the film surface coin-
cides with the rapid increase of the grain size for thicknesses over 150 nm. The di-
mensions of agglomerates are about 100 nm. It is more likely that the formation of
agglomerates is caused by nucleation and formation of thin films, than as a charac-
teristic of the employed substrate.

The surface roughness also depends on the thin film thickness. The average
surface roughness, measured using the STM cross-section program, increased with
film thickness, as shown in Fig. 6. It is about 0.3—0.5 nm for small thicknesses,
which is smaller or the same as the initial surface roughness of the silicon substrate.

a)

Fig. 5. STM Images of W—Ti thin films of thickness: a) 10 nm and b) 900 nm.
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Obviously, filling the gaps of the substrate surface occurs in the first step of thin
film formation. The roughness rapidly increase up to 3.5 nm with further increas-
ing of the film thickness. Finally, for film thicknesses of 150 nm and greater, the
roughness slowly increases to about 4.5 nm for 900 nm thick films. The rapid
change of the surface roughness coincides with the changes of the grain size. Just
as in the case of the grain size vs. the thickness, the increase in surface roughness
with increasing film thickness is due to the formation of agglomerates.

CONCLUSION

The results show that the structural and morphological characteristics of
nanometer sputtered W—Ti thin films depend on the film tickness. These changes
were investigated in the range from 10 nm to 900 nm. A small signal corresponding
to the thin film together with one of the silicon substrate can be observed in the
XRD spectrum for thicknesses below 150 nm. Simultaneously, thin films have
polycrystalline form with a fine grain structure and small surface roughness (the
filling the gaps process dominates). For the W—Ti thin films with thicknesses
above 150 nm, a signal corresponding to the substrate is no longer observed, while
an intensive signal of the deposit confirms a polycrystalline film structure com-
posed of ab.c.c. W phase, (110) orientation, with the presence of'a h.c.p. Ti phase,
(101) orientation. In the same thickness range, the formation of agglomerates oc-
curs yielding a progressive increase in the grain size, as well as of the mean surface
roughness. The critical thickness at which the investigated structural and morpho-
logical characteristics change drastically is 150 nm.

The results obtained by the LEIS method showed that the surface composition
of W-Ti thin films is significantly different from the expected composition of the
interior of the thin films. The major reason is the presence of oxygen at the surface,
which is the driving mechanism for the segregation of the titanium surface.
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U3BO

CTPYKTYPA 1 MOP®OJIOTNJA HAHOMETAPCKHMX W-Ti/Si TAHKUX
CIIOJEBA

CY3AHA M. HETPOBI/ITnl, BOPHBOIJE AHHA'BEBI/I’BZ, JTABOP l'IEPYIHKOl, HAJA l'IOl'IOBI/ITnlf
HEHAT B)’H,H,AHECKI/I1 , MMJIAH PA,[IOBI/I”F)1 ,BUIbAHA FAKOBUR! 1 3IATKO PAKOYEBUR

II/IHCLTtuLTtyu? 3a HyKkaeapHe Hayke — Bunua, i.ip. 522, 11001 Beozpao u 2(Da1<y/uﬂetﬂ 3a uauuxy xemujy,
Ciiyoeniticku wwipz 16, 11000 Geozpao

HcrpaxuBama CTPYKTYPHUX M MOP(OJIOIIKUX KapaKTEPUCTUKA BON(pPaM—TUTaHCKUX
(W-Ti) TaHKHX CII0jeBa U3BpIICHA Cy Ha ACTIOHOBAHOM MaTepHjaly HAHOMETAapCKUX AUMEH-
3uja. TaHKH ClI0jeBU CY AEIIOHOBAHHU KATOJHUM PACIpallUBaKEeM Ha CUITHI]YMCKO] IIOAI03H.
Pan obyxBaTa mpoyyaBame yTHlaja feObUHE AENO3UTAa HAa CTPYKTYPHE M MOP(OJOLIKE
kapakrepuctuke W—Ti TaHKUX cI0jeBa Ha HAHOMETapcKoj ckamn. Pa3nHu cacTaB M BeTMINHA
3pHa ofpehenn cy nudpakumjom X-3paka (XRD), 10K je MOpdooTuja IMOBPIIMHE U CPEHa
NOBPLIMHCKA XpanaBocT ofjpebena ckanupajyhom TyHenckoM MukpockonujoM (STM). Tan-
KU CJIOj€BU MMajy MOJIMKPUCTAJIHY CTPYKTYPY CAaUME-EHY Of 3allpPEMUHCKU LIEHTPaIHe KyOHE
¢aze W y3 mpucyctBo xekcaronaiae ¢gaze Ti. MakcumyMm y XRD criekTpy Ha O3HUIAJU yTIIa
260 y unrepBany 38 — 43° noruye oy npeknanamwa W(110) u Ti(101) paBHu. XeMujcku cacTas
NOBPLIMHE TaHKUX cllojeBa ofpebeH je MeTomoM pacejama joHa Hucke eHepruje (LEIS).
PesynraTu noxasyjy npucycTBO MOBPLIMHCKE Cerperanyje TUTaHa Kao U IPUCYCTBO KUCEO-
HHUKa Ha NOBPUINHU.

(ITpumibeno 3. okro6pa 2005, pesugupano 17. janyapa 2006)

REFERENCES

1. C. Louro, A. Cavaliero, J. Electrochem. Soc. 144 (1997) 259
2. L. E. Depero, S. Groppeli, I. atali-Sora, L. Sangaletti, G. Sberveglieri, Tondello, J. Solid State
Chem. 121 (1996) 370
3. V. Guidi, D. Boscarino, E. Comini, G. Faglia, M. Ferroni, C. Malagu, G. Martinelli, V. Rigato, G.
Sberveglieri, Sensors and Actuators B 65 (2000) 264
4. T. Nenadovic, Materials and Technology, 36 (2002) 91
5. H. Ramarotafika, G. Lemperier, Thin Solid Films 266 (1995) 267
6. JCPDS-International Center for Diffractio Data (ICDD), PCPDFWIN v. 2.00 (1998)
7. H. P. Klug, L. E. Alexander, X-ray Diffraction Procedures, Chap. 7, Wiley, 1974
8. L. Terzi¢, N. Bundaleski, Z. Rakocevi¢, N. Oklodzija, J. Elazer, Rev. Sci. Inst. 71 (2000) 4195
9. F. F. Abraham, C. C. Brundle, J. Vac. Sci. Technol. 18 (1981) 506
10. A. V. Ruban, H. L. Skriver, J. K. Norskov, Phys. Rev. B 59 (1999) 15990
11. Chemical Encyclopedia, Ed. L. Knunyanc, Sovietskaya Enciklopediya, Moskva (1988) (in Russian)
12. S. Petrovi¢ et al., to be publ.
13. S. Petrovi¢, D. Perusko, Z. Rakocevié¢, D. Gakovi¢, T. Nenadovi¢, Materials Sci. Forum 352
(2000) 43.



