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Iron oxide thin films as hematiteaf F&,O3) have been prepared by ion beam induced chemical
vapor deposition. Very compact and dense films are obtained by this procedure. The thin films have
been grown by bombardment of the substrate surfaces withio®s or mixtures of @ and Ar"

ions, while a volatile precursor of irop.e., FECO)s] is dosed onto the substrate surface. In the
latter case, Ar atoms are incorporated within the iron oxide lattice. Atomic force microscopy,
Rutherford backscattering spectroscopy, and x-ray photoelectron spectroscopy were utilized to
characterize the films’ surface morphology, stoichiometry and chemical state. The film structure has
been analyzed by grazing angle x-ray diffracti®¥RD) and infrared spectroscopies. In particular,
infrared spectroscopy has permitted a thorough structural characterization of the films, even in the
cases where XRD does not provide information about the structure. Thus, wh@n®are used

for the synthesis, iron oxide thin films grow with a hematite structure with adhexis of the
crystallites perpendicular to the film surface. However, when aiv@j§ ion mixture is used, the

thin films have a hematite structure with theaxis of the crystallites oriented parallel to the film
surface. ©2000 American Vacuum Socief$s0734-210(100)02605-1

[. INTRODUCTION able properties for thin films intended for optic and magneto-
optic application$:®

Thin films of iron oxide have found many technological  The iron oxide thin films were analyzed by several spec-
applications. Thus, iron oxide thin films as hematitetroscopic techniques such as x-ray photoelectron spectros-
(a-F&,03) attract interest as a gas sensor because they offeopy (XPS) and Rutherford backscattering spectroscopy
high sensitivity to some reducing gases without the applica(RBS) to determine their surface and depth profile composi-
tion of noble metal catalystBesides, compact and flat iron tions. Grazing-angle x-ray diffractiofXRD) and infrared
oxide thin films of magnetite (R®,) or maghaemite (IR) spectroscopy have been used for the structural charac-
(y-F&,03) are of technological interest in longitudinal mag- terization of the films. In order to characterize thin films, IR
netic recording media, owing to their magnéticand spectroscopy is typically used on a “fingerprint” basis.
magneto-optical propertiésMoreover, mixtures of iron ox- However, a systematic analysis of IR spectra may also pro-
ide with other transition metal oxides are interesting due to/ide greater insight into the structure of the films. In particu-
their optical properties. lar, it is well known that IR spectra of a film contain infor-

For many of these applications, it is important to precise|ymati0n not only on the crystalline structure, but also on the
control the surface morphologyi.e., density, roughness, orientation of the crystallographic axes with respect to the
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manner of growth and stoichiometry of the films. Several film surface.
methods for preparing these thin films have been reported in
the literature, including sputtering or plasma-assisted!- EXPERIMENT
method<™® Iron oxide thin films were prepared by IBICVD. This

In this article, we report on the preparation of iron oxide method consists of bombarding a suitable substrate with ac-
thin films by ion beam induced chemical vapor depositioncelerated ionge.g., G, Ar*, N;) while flowing onto its
(IBICVD). This method has been previously used in oursurface a suitable precursoin this article, flat silicon wa-
laboratory for preparing other metal oxide and nitride thinfers, fused quartz, and KBr pellets were used as substrates
films.® A major characteristic of this method is the high den-for the different preparations. The volatile precursor used
sification and flatness of the prepared films. These are desiwas F€CO)s at partial pressures of 3x 10 ° Torr during

preparation. Its decomposition at the substrate surface was

dElectronic mail: yubero@cica.es done by @/Ar* bombardment with a broad-source ion gun
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(HFQ 1303-3 with 400 eV kinetic energy ions at a total Fe,0, deposited on fused quartz by IBICVD
pressure of ~5x10°* Torr. Typical ion currents of
~100uA/cm? were obtained at the sample position. Under AFM

these conditions, the growth rate of the iron oxide layers was
approximately~1 nm/min.

Topographic images of the iron oxide films deposited on
the fused quartz and Si wafers were taken with a TMX Ex-
plorer atomic force microscop€AFM) from Topometrix
with a SgN, tip working in contact mode.

RBS measurements on the iron oxide thin films depositegic. 1. AFM image of the surface of a typical iron oxide thin film deposited
on the silicon wafers were carried out in the ion acceleratoby IBICVD on fused quartz.

ARAMIS (Orsay, Francg” using 2.4 MeVa ' " particles.
The experimental RBS spectra were simulated using the
RUMP code'® 5%). The Fe D photoelectron spectrufisee Fig. 2 of all the

XPS spectra were acquired in an ESCALAB210 electronsamples is characterized by the spin orbit fpeddublet at
spectrometer working at constant pass energy mode. Th&L1.0 eV binding energyfor the Feds, peak and a char-
spectra were excited with A , radiation. The energy reso- acteristic satellite at 8 eV higher binding energy. This type of
lution was such that the full width at half maximum of a Ag spectra is typical ofe-Fe,0;, as it has been previously
3ds,, photoemitted peak of pure silver sample was 1.1 eVreported® XPS also showed that the surface of the sample
The reference of the binding energy scale was taken at th@as contaminated by carbon due to manipulation in air. In
C 1s peak of the carbon contaminating the surface of thdact, this carbon disappeared to levels-e2 at. % after a

samples at a value of 284.6 eV. mild bombardment with @ (500 e\). Note that although
Grazing-angle XRD spectra were acquired in a Siemenghere is much carbon in the molecule of the precursor of iron
D5000 diffractometer at an incidence angle of 0.5°. used for the preparation, it is preferentially sputtered out by

IR absorption spectra were recorded in the transmissiothe O, ions during the growth, so very little carbon is incor-
mode in a Nicolet 510 Fourier transform infrared spectrom-porated in the film as contaminant.
eter. For the IR analysis, the iron oxide thin films were de- The depth profile composition and film thicknesses were
posited on KBr pellets to ensure the maximum transmissioletermined by RBS. Figure 3 shows spectra of two iron ox-
and high quality of the spectra. Similar spectra, althougtide thin films prepared witita) O, or (b) a mixture G /Ar*
with lesser quality, were obtained when silicon wafers werg90% Ar and 10% @) on a Si substrate. Simulation of the
used as substrates in simultaneous preparations. RBS experimental spectra by means of the RUMP program

In this article, the different substratése., Si, KBr, and vyields a film composition of FeQ.. o ; in the two cases. The
guart? were chosen to be able to characterize the iron oxidepectra also confirm the sharp character of the substrate/film
thin films with the different techniquese., IR, AFM, RBS, interface, within the resolution limits of the techniglee.,
XRD, and XP3. No significant effect was detected in the ~10 nm). The thicknesses of these two films as determined
characteristics of the iron oxide thin films produced byby this analysis were 140 and 90 nm, respectively, assuming
IBICVD by changing the substrates. So, the main agent thaa density of 5.0 g/cfhfor the iron oxide films. This range of
determines the structure of the films is that they grow undethicknesses is typical of all the films studied in this article. It
ion bombardment. is also apparent that in the films prepared with a mixture of
O, and Ar' ions, ~4 at. % of Ar atoms becomes homoge-
neously incorporated within the whole film thickness. An-
Il RESULTS AND DISCUSSION nealing these films in air at 500 °C, does not modify the

A characteristic feature of the IBICVD technique is that it spectrum of Fig. &). This result indicates that the Ar atoms
produces very compact, flat and dense films, with a practicaire homogeneously distributed in lattice vacancies of the
absence of voids and pores. A typical image of the surface
topography of an iron oxide thin film prepared on a silicon
substrate by this technique is shown in Fig. 1. It shows that Fe2p Fe2p,,
the surface roughness is very Ignote that the vertical scale y NS
is 0—2 nm for an area of kmX1 um scanned by the mi-
croscopg which stresses the surface flatness of the sample.

This is a general result obtained from thin films prepared by
this technique, independent of the ion specieg (@r mix- F6203
tures G /Ar*) used for the preparations.

The stoichiometry and chemical composition of the de-
posited films were studied by XPS and RBS spectroscopies.
The photoemission spectra of the prepared thin films of iron
oxide show that the sample surface mainly consists of O angls 2. Fe 3 core level photoelectron spectrum of a typical iron oxide thin
Fe in a stoichiometric ratio close to that of J&ag(within film prepared by IBICVD.
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Fic. 3. RBS spectra of iron oxide thin films prepared by IBICVD by using 300 350 400 450 500 550 600 650

a) O or (b) O;/Ar™ ions. Dots: raw data. Solid lines: RUMP simulations. -1
@0; ord) C; Wavenumber (cm )

Fic. 5. IR spectra of iron oxide thin films prepared by IBICVD. The spectra
film through the whole film thickness. The high compactioncorrespond to the same samples characterized by XRD in Fig. 4.

of the films prepared by IBICVD must also be claimed to

explain that no Ar atoms are released, even after annealing at ) i
500 °C ing both the diagram of sample A and the theoretical

A common characteristic of most of the thin films of the intensities of the hematite-Fe,O5 structure(vertical lines,

materials synthesized by IBICVD is their low crystallinity, which. reveals a preferential orientation of some crystallo-
as determined by XRD. This feature has also been observe‘%f"’“?h'C pIanes.I fl hick |
for the FgO; thin films prepared in this work. This is illus- (il) For samples of lower thickness(f0 nm. as samples

trated in Fig. 4, which shows a set of XRD plots for,Bg B gmd C in Fig. 4’, the XRD spectra .do hot depict well-
thin films grown under different conditions. Thus, in this defined peaks. Th's suggests that either the f_llm_s do not
figure, samples A and B were prepared by fBbmbardment present a long-distance order or that, for very thin films, the
Wheréas sample C was prepared by bombardment Wi,th )éRD peak intensities are so low that they cannot be detected
Ar*/0; ion mixture(90 mole % Ar and 10 mole % £). The unde_r our experimental conditions. . .
thicknesses of these samples are 300, 50, and 70 nm for It is well known that XRD only provides structural infor-
samples A, B, and C, respectively Thes’e sa’mples have be?ﬁation of materials where there is a well-defined order at
selected as representative of the structural behavior of th&@"9d d|§tances. For thin films as those in Fig. 4, where no
well-defined peaks could be recorded by XRD, IR spectros-

Fe,O; samples prepared by IBICVD, which can be summa- : .
rigzed3as folﬁ)owsp P y copy can be an alternative probe for their structural charac-

(i) The XRD spectra of films with a thickness larger than'[erization. The basic theoretical principles for this structural
~100 nm(as sample A in Fig. idepict the typical peaks of analysis of thin films can be found in articles published in the

1«10-12
the hematiten-Fe,03 structure, although with a relative in- 19?0hs. b | dth | brational
tensity that differs from that of a randomly oriented poly- thas been amply reported that only transverse vibrationa

crystalline sample. This can be seen in Fig. 4, when compalmOdes can be detected for thin f"mS.Whe” the IR abso.rptl|on
spectra are recorded at normal incidence of the radiation.

Under these conditions, the electric field vector of the radia-
tion is parallel to the substrate surface. Consequently, not all
transverse modes of a given anisotropic solid are observed,
but rather, only those corresponding to lattice vibrations par-
allel to the film surface. Therefore, the relative intensity ob-
served for transverse modes associated with each crystallo-
graphic direction can be used to obtain information on the
orientation of the crystal axes in the film.

The IR absorption spectra measured at normal incidence
of the selected films are shown in Fig. 5. The IR spectra of
samples A and B are quite similar. They represent three in-
tense bands at 290, 435, and 520 ¢rthat can be related to
E, vibrational modedelectric fieldELl c) of hematite(see
Fic. 4. XRD plots of iron oxide thin films prepared by IBICVD. Samples A Tgple ). It should be noted that although the,, modes

and B were prepared by, ombardment, whereas sample C was prepared . .
by bombardment with a A7O; mixture (90% Ar and 10% @). The thick- (Ellc) of hematite appear at frequencies close to those of two

_l . . .
nesses of these samples are 300, 50, and 70 nm for samples A, B, and Ey Modes(290 and 520 cm-), the relat_'VG |nte_n3|ty of _the
respectively. bands observed for samples A and B is consistent with that
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TaBLE |. IR transverse modes fat-Fe,O; taken from Ref. 18. mode appears in the spectrum at660 cm ! when the
Symmetry vy (cm™h) sample is tilted, as expected for a preferential orientation of
the ¢ axis normal to the surfacé.

Eu(ELO) f’é; So, samples B and C, which present flat patterns to XRD,
286 showa-Fe0; crystalline structure with different crystal ori-
227 entations, as determined by IR spectroscopy. Note that

Ay, (Ellc) 526 sample B was prepared by,Obombardment, while for
299 sampe C a mixture of @ and Ar* was used. Therefore,

different deposition conditions of the iron oxide thin films

induce the growth of different crystallographic planes.
Finally, we emphasized that our results show that it is

expected for theE, modes'’ This suggests that thé,, possible to prepare very thin filn{shickness<100 nm) of

modes do not contribute to these spectra. The presence of the Fe,O; by IBICVD, controlling the crystallographic orien-

E, modes in the absorption spectrum of the film indicatestation by varying the preparation protocol. Moreover, a thor-

that for samples A and B, the crystallograplsiexis of the  ough IR characterization identifies the crystallographic ori-

deposited hematite is perpendicular to the film surface. Ientation of the deposited species

should be noted that although sample B does not show any

long-range order by XROsee Fig. 4, its IR spectrum is

similar to that of sample A, indicating that their crystal struc-1V. CONCLUSIONS

tur? at?]d ?Fr;entat|;)n arefalso S'Im"élr‘ | int band In this article, we have shown that very compact and
4 ?1 spectrum of sample %, only an In en§? and mooth thin films having an £®; stoichiometry can be pre-
525 o 2'0”9 V"t':E a W‘Zak iejgge ‘E‘tl”igo cm 2" pared by IBICVD, as shown by AFM, XPS, RBS, and IR.
present, whereas the, mode a cm' has aimost no Although all the films presented similar surface morphology
mtepsﬂy. T_herefore, the bands observed for sample C can re., flat, dense, compagttheir structural characteristics
mainly attrlbuteq to the transversk,, modes of hematite were highly dependent on the preparation protocol. Thus, by
(see Table)l This phase could not be detected by XRiae using mixtures of Af and G ions for the preparation,

Fig. 4), probably due to the small thickness of the film or thepoorly ordered structures were obtained whereat. % of

low cry gtalhmty of the sample. Note that XRD has a lower Ar atoms became incorporated into the lattice vacancies of
sensitivity to short-range order than IR spectroscopy. Th?he iron oxide films. For these samples, IR spectroscopy
!org‘sergce 1[?1 t??hspectrutrr}lof ther:‘]lm O.f or;lf&ytuhmc()jdes a_lts% shows that the thin films have a local hematite structure with
Indicates hat the crystaliograpn axis of the deposited .o ¢ 4yis of the crystallites parallel to the film surface. When
hematite must be oriented preferentially parallel to the fllmOnly O ions are used for the synthesis, XRD analysis of
surface, because such modes vibrate parallel to this axis. samplezs with a thickness greater tharlOd am shows the
To cqnfirm the prefere.ntial crystallographic orientation .of typical peaks of hematite. However, either no peaks or very
the c axis normal to the film surface of sample A, transmis-_ peaks could be observed in XRD for very thin samples

sion IR spectra were a'?o acquired, varying the IR radiatiorhhicknesss70 nm. In spite of this, IR spectroscopy showed
angle of incidencef, with respect to the surface normal. that, in this case, the iron oxide thin films grow with a he-

The results are shown in Fig. 6. Note that Fglongitudinal matite structure with the axis of the crystallites oriented
perpendicular to the film surface.
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