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Abstract 

The growth morphologies of (IO 0), (1 0 I) and (0 0 I) rutile films grown on sapphire substrates by the ion-beam 
sputter deposition technique have been examined as a function of film/substrate orientation, film thickness, substrate 
surface preparation, growth rate and growth temperature. The rutile films of each orientation appear to grow via island 
(Volmer-Weber) type growth. At the early stages of growth ( ,( 100 A) on as-polished substrates, the roughnesses of the 
films grown at 725°C and 3 A/min are correlated to their lattice mismatches and inversely related to the calculated 
surface energies of their sapphire substrates. Thicker films ( ~ 700 A) have morphologies which are orientation depen­
dent, appear to minimize their surface energies and are stable with respect to annealing. Rougher and slightly less 
crystallographically aligned ( 1 0 0) and (0 0 1) rutile films result from the more three-dimensional growth found on 
annealed sapphire substrates. Relatively small increases in the growth rate, at very low rates, can change the details of the 
surface structures present. The changes in the morphologies observed on films grown at lower temperatures indicate that 
the processes controlling their development have a strong temperature dependence at all stages. Comparisons were also 
made between ( 1 0 0) and ( 1 0 I) rutile films grown by the ion-beam sputter deposition and metalorganic chemical vapor 
deposition techniques under similar conditions. The chemical vapor deposited films have morphologies which are similar 
to the ion-beam sputtered films with comparable thicknesses, but grown at lower temperatures. 

PACS: 61.16.Ch; 68.35.Bs: 68.55. - a; 81.05.Je; 81.15.Cd; 81.15.Gh 
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1. Introduction 

Crystalline Ti0 2 thin films are of interest for use 
in a range of applications including photocatalysts 

* Corresponding author. Fax: + I 302 695 1664: e-mail: mor­
rispa@esvax.dnet.dupont.com. 

for wastewater treatment, atmospheric pollution 
control and solar energy conversion, as well as gas 
sensors, waveguides, and as components in a var­
iety of electronic devices. This interest has led to 
research into growth techniques for producing 
Ti0 2 films. While polycrystalline films are sufficient 
for many uses, there are potential benefits to using 
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epitaxial films for some applications. Hetero­
epitaxial Ti0 2 has been grown by a variety of 
techniques including ion-beam sputter deposition 
(IBSD) [1], chemical vapor deposition (CVD) 
[2, 3], metalorganic chemical vapor deposition 
(MOCVD) [ 4--8] and the reactive-ionized cluster­
beam technique (RICB) [9-11]. Several orienta­
tions of the high temperature rutile and low 
temperature anatase phases have been grown. 

The electrical and optical properties of Ti0 2 

make it attractive for many of these applications. 
However, the surface morphology is also important 
in determining its properties for several uses. The 
evolution of surface morphologies during hetero­
epitaxial growth of semiconductor films is receiving 
an increased level of attention [12]. Unfortunately, 
the growth mechanisms and morphology develop­
ment in heteroepitaxial oxide systems have only 
rarely been examined and are not at all well under­
stood. In this paper, we report the results of our 
research on the growth mechanisms and morpho­
logy development of heteroepitaxial rutile films on 
single crystal Al 20 3 (sapphire) substrates. The sur­
face morphologies of rutile films grown by the 
IBSD technique are examined as a function of 
film/substrate orientation, film thickness, substrate 
surface preparation, growth rate and growth tem­
perature. Comparisons are also made between films 
grown by the IBSD and MOCVD techniques un­
der similar conditions. 

2. Experimental procedure 

Ti0 2 films were grown usmg the IBSD and 
MOCVD techniques, as described in Refs. [l, 4]. 
The IBSD technique was implemented using a 
system .developed to produce complex oxide thin 
films. The vacuum chamber was evacuated to 
1 x 10- 7 Torr prior to deposition and the substra­
tes were introduced into the system through 
a load-lock chamber. The substrate stage was 
heated by halogen lamps and the temperature was 
monitored by a thermocouple and an infrared 
pyrometer. Deposition resulted from reactively 
sputtering a high-purity (99.995%) Ti target with 
a Xe-ion beam from a 3 cm Kaufmann-type ion 
source. The ion-beam energy and current were 

1000 eV and 20 mA, respectively. The growth at­
mosphere consisted of 1 x 10- 4 Torr of Xe and 
1 x 10- 4 Torr of 0 2 . Films were grown at substrate 
temperatures from 450-725°C. The growth rate 
varied between 3 and T A./min. Relatively slow 
growth rates were used in this work so that the 
structures observed would be as close to equilib­
rium as possible. Films were grown with thick­
nesses in the range of 15-4500 A to examine their 
growth mechanisms and morphology development. 

The MOCVD films were grown using a solid 
metalorganic precursor, tris(2,2,6,6-tetramethyl-3,5-
heptanedionato) titanium (III) (Ti(TMHDh) in an 
inverted pedestal, hot-walled reactor. The base 
pressure of the reactor was 1 x 10- 5 Torr and the 
substrates were introduced using a load-lock cham­
ber. The substrate stage was resistively heated and 
the substrate temperature was monitored by a ther­
mocouple which was calibrated to the surface tem­
perature of the substrate, measured by infrared 
pyrometry. The solid precursor was sublimed using 
a focused halogen lamp and transported to the 
reactor using He carrier gas. The growth atmo­
sphere consisted of 0.5 Torr of He and 0.5 Torr of 
0 2 . The films described in this study were grown at 
725°C at a rate of 3 A./min and with thicknesses 
comparable to those grown by IBSD. 

The orientations of the sapphire substrates were 
(0 0 0 1 ), (1 1 2 0) and (1 0 T 0). These substrates 
were epitaxially polished by the supplier and their 
surface orientations are ± 0.3° to the designated 
plane. Prior to introduction into the vacuum cham­
ber, all substrates were rinsed with high-purity 
methanol. The substrates used for growth included 
as-polished substrates and those which were an­
nealed to modify their surface structures. The an­
nealed substrates were heated to 1400°C in an 
oxygen atmosphere for 2-4 h. depending on their 
orientation. This technique has previously been de­
scribed for producing faceted surface structures on 
sapphire substrates [13]. 

The ratio of Ti to oxygen and the thickness of the 
films were measured using Rutherford backscat­
tering spectrometry (RBS) of 2 Me V 4 He + ions. 
Stoichiometric Ti0 2 films were grown under the 
conditions described here using both the IBSD and 
MOCVD techniques. Their crystalline structure was 
checked by X-ray diffraction with Cu K, radiation. 
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The surface morphology and roughness were exam­
ined by atomic force microscopy (AFM) under 
ambient conditions. AFM data from multiple loca­
tions on several samples have been examined to 
characterize the surface morphologies of each film 
type. The images shown are typical of what has 
been observed. 

3. Results and discussion 

3.1. Heteroepita.xial structures 

Table 1 shows the Ti02 film orientations grown 
on the sapphire substrates along with the X-ray 
diffraction full-width at half maximums (FWHMs) 
of the e and <P angles, indicating the degree of 
alignment of the rutile phase perpendicular to and 
parallel to the plane of the film. The X-ray values 
correspond to approximately 2000 A thick films 
grown using the IBSD technique at 3 A./min on 
as-polished substrates. The e FWHM values listed 
are for films grown at temperatures from 
450-725°C, respectively. Thee FWHM values de­
crease with increasing growth temperature for the 
(1 0 1) and (0 0 1) orientations and are 0.2°, 0.35° 
and 0.35° for the ( I O 0), ( I O 1) and (0 0 1) films 
grown at 725°C. The values listed for the 
<P FWHMs are for the films grown at 725°C. The 
<P FWHM of the (1 0 0) rutile film is rather large 
(10°) and 6 peaks are found in the <P scan of the 
1 1 0 rutile peak. This indicates that three different 

Table i 
Heteroepitaxy of rutile films grown on sapphire substrates 

Film 

( l O 0) rutile 

( l O l) rutile 

(0 0 I) rutile 

Substrate FWHM (degree) 

ea 

0.20 

2.85--0.35 

0.75--0.35 

grain orientations are present in the plane of the 
(1 0 0) rutile film. This is due to the three-fold sym­
metry in the pseudo-hexagonal structure of the 
(0 0 0 1) Al 2 0 3 substrate, which is not present in the 
(100) tetragonal rutile structure [14]. Also shown 
in Table 1 are the in-plane epitaxial relationships 
between the film/substrate lattices and the cal­
culated lattice mismatches between them at room 
temperature [1, 11]. The three grain orientations 
found in the (1 0 0) rutile films are aligned to 
the sapphire substrate with [O 1 OJ II [L 1 1 OJ and 
[O O IJ 11[0 1 T OJ. The <P scan of the 1 1 0 peak in 
the (1 0 1) rutile film has a FWHM of 0.5° and 
exhibits 4 peaks. The two sets of 2 peaks are most 
likely observed because twins are present along 
the (1 0 1) plane, as seen in transmission electron 
microscopy studies of similarly oriented films 
grown by MOCVD [15]. The {1 0 1) films are 
oriented relative to the sapphire substrate with 
[T O 1 J 11 [T 1 0 OJ and [O 1 OJ 11 [O O O 1]. The <P scan 
of the 1 0 1 peak of the (0 0 1) rutile film has 4 peaks 
with FWHMs of 1.0°. This is consistent with the 
(0 0 1) film being highly aligned perpendicular to 
and in the plane of the film with no obvious ori­
entational defects. The alignment of the (0 0 1) 
rutile film on the substrate is [1 0 OJ II [ l L 1 OJ and 
[O 1 OJ 11 [O O O 1]. 

The heteroepitaxial growth of rutile on sapphire 
is rather surprising due to their dissimilar struc­
tures and large lattice mismatches. The lattice mis­
match in these film/substrate systems is large 
compared to typical heteroepitaxial semiconductor 

In-plane Lattice 
film!lsubstrate mismatch 

ipb (%) 

10 [O l OJ 11 [2 l 1 OJ 3.76 
[00 l]ll[O l TO] 7.27 

0.5 [TO i]!l[T l 00] 0.91 
[O I OJ 11 [O O O l J 5.78 

1.0 [l O O]ll[I 2 I OJ 3.6 
[O l 0]11[0 0 0 1] 5.72 

3 The range of values listed for e correspond to the films which are approximately 2000 A thick and are grown at temperatures 
.J50-725'C, respectively. 
bThe values listed for if> are those corresponding to the films grown at 725'C. 
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Table 2 
RMS roughness values for 15 and l 00 A thick rutile films on polished and annealed substrates 

Film' Substrate Polished substrates roughness RMS (A) Annealed substrates roughness RMS IA) 

15 i,. thick lOOA thick 1 s i,. thick 100 A thick 
( 1 0 0) rutile (000 1) Al 20 3 3.5 8.5 6.3 12.5 
(I O 1) rutile (I I 2 0) Al 20 3 2.4 5.8 3.4 4.6 
(0 0 1) rutile (1010) Al 20 3 2.2 6.7 6.2 39 

'The growth conditions of these films are comparable to those for the films shown in Figs. I and 2. 

shown in Table 1. Their RMS roughnesses are also 
inversely related to the calculated surface energies 
of their sapphire substrates [20]. These relation­
ships are consistent with a three-dimensional island 
growth mechanism, during the early stages of film 
deposition. The energies of the film/substrate sys­
tems are minimized under these conditions by 
maximizing the three-dimensional character of 
growth when the lattice mismatch is large and/or 
the substrate surface energy is small. 

The increase in island size with thickness of the 
rutile films has been examined using (1 0 1) films 
grown at 550cc. In these films, the large faceted 
structures do not form as readily as when the 
growth temperature is 725°C. The increase in island 
size appears to follow a power law dependence (0.4) 
on thickness. similar to other types of hetero­
epitaxial semiconductor and oxide films investi­
gated [12. 21]. The increase in island size with 
thickness may be attributed to a coalescence and 
coarsening processes [ 12, 22]. For further dis­
cussion of this aspect of growth, please see Ref. 
[21]. . 

By the time the films grown at 725°C and 
3 A.;mi.11 reach a thickness of 700-2000 A. their 
morphologies are evolving toward structures which 
minimize their surface energies. As seen in Fig. 2c. 
by the time the ( 1 0 1) film is 700 A thick. an elon­
gated. faceted surface structure has developed. The 
2000 A thick films shown in Fig. 1 have facet struc­
tures which appear to mimic the facets found on 
bulk rutile crystal surfaces [17]. The 2000 A thick 
films have also been annealed at the growth tem­
perature for 12 h and their surface morphologies 
were stable. 

The results on these films suggest a process of 
morphology development which is clearly in­
fluenced by their three-dimensional island growth 
mechanism. At the early stages of growth. the is­
lands are nucleated on the substrate surface and 
grow in a coalescence and coarsening process. l\s 
the thickness of the films increases, they develop 
morphologies and facets which minimize their 
surface energies. 

3.3. Substrate sw:face effects 

The films described above were grown on as­
polished sapphire substrates with RMS rough­
nesses of 0.8-1.1 A. The ( 1 0 T 0) sapphire surface is 
essentially featureless in the AFM. However. the 
(0 0 0 1) and (I 120) substrates have a terrace-step 
structure with terraces which are approximately 
650 and 1000 A. wide, respectively. 

Substrates were annealed so that the effects of 
different substrate surface structures on subsequent 
growth morphologies could be examined. The an­
nealed (0 0 0 1) and (1 1 2 0) sapphire substrates 
had very well developed terrace-step structures on 
their surfaces. The terrace widths ranged in size 
from 750-3000 A. with an average of2400 A, on the 
(0 0 0 1) substrate. On ( 1 120). the facet-edged ter­
races were approximately 1000-7000 A wide, with 
an average of 4000 A. The terraces. between the 
steps. on both the (0 0 0 1) and ( 1 1 2 0) substrates 
were relatively smooth. with RMS roughness of 2.8 
and 3.6 A. respectively. The step height on the 
(0 0 0 1) substrates was observed to be 9 A. as pre­
viously seen in other annealing studies [ 13]. The 
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surface of the growing IBSD film due to the nature 
of the technique. The MOCVD film in Fig. 4 has 
a morphology which is similar to the ( 1 0 1) IBSD 
films grown at 550°C [21]. This suggests that the 
evolution of the surface morphologies of the 
MOCVD films is limited by kinetic effects. 

4. Conclusions 

The growth morphologies of ( 1 0 0), ( 1 0 1) and 
(0 0 1) rutile films grown on sapphire substrates by 
the IBSD technique have been examined as a func­
tion of film/substrate orientation, film thickness, 
substrate surface preparation, growth rate and 
growth temperature. The results are consistent with 
the following probable path of growth morphology 
evolution. The rutiie films oi each orientation grow 
via island (Volmer-Weber) type growth. At the 
early stages of growth ( ~ 100 A.), the RMS rough­
nesses of the films. grown on as-polished substrates 
at 72S'C and 3 A./min, are correlated to their lattice 
mismatches and inversely related to the calculated 
surface energies of their sapphire substrates. The 
islands then grow in a coalescence and coarsening 
process, which exhibits a power law dependence on 
film thickness. At these stages, the morphologies 
are clearly influenced by their growth mechanisms. 
As the thickness of the films increases ( ~ 700 A.). 
they develop morphologies which minimize their 
surface energies and eventually attain facet struc­
tures that mimic the facets found on bulk rutile 
crystals and are stable with respect to annealing. 
The evolution of the morphologies of the films can 
be modified by changes in the growth conditions. 
such as growth rate. growth temperature or growth 
technique. which affect the diffusion processes oc­
curring during growth. Relatively small increases in 
the growth rate. at very low rates. are observed to 
change the details of the surface structures present. 
The morphologies observed on films grown over 
a range of temperatures indicate that the processes 
controlling their development have a strong tem­
perature dependence at all stages. Comparisons 
made between (100) and (101) rutile films grown 
by the IBSD and MOCVD techniques under sim­
ilar conditions have shown that the MOCVD films 
have morphologies which are similar to IBSD films 

of the same thickness, but grown at lower temper­
atures. Rougher and slightly less crystallographi­
cally aligned ( 1 0 0) and (0 0 1) rutile films result 
from more three-dimensional type growth on an­
nealed sapphire substrates, indicating that the con­
dition of the substrate surface is also an important 
factor. 
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