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Abstract 

Heteroepitaxial TiO 2 films of the rutile and anatase phases have been grown using the ion-beam sputter deposition 
technique. The orientations of the highest-quality rutile films grown and their corresponding substrates are 
(100)/(0001)A1203, (101)/(1120)A1203, (001)/(1010)A1203, and (l10)/(110)MgO. This is the first report of the 
heteroepitaxial growth of (001)/(1010)A1203 and (110)/(110)MgO rutile films. Results indicate that the films are aligned 
both perpendicular and parallel to the plane of the film. Distinct surface morphologies are observed for each orientation. The 
(100) and (101) futile orientations were also grown on (11 l)MgO and (ll02)A1203, respectively. The (100) anatase grew on 
both (100)MgO and MgA1204. The growth mechanisms of several rutile films on Al203 substrates were investigated, and 
the data suggest island or Volmer-Weber type growth. 

I. Introduction 

Crystalline TiO 2 thin films are of interest for use 
in a range of applications including photocatalysts 
for wastewater treatment and solar-energy conver- 
sion, storage capacitors in DRAMs, insulators in 
MOS devices, electrochromic displays, gas sensors, 
waveguides, and other optical coatings. The optical 
and surface properties of TiO 2 provide for the vari- 
ety of potential devices. This interest has spawned 
research into growth techniques for producing het- 
eroepitaxial TiO 2 films. Thus far, heteroepitaxial 
TiO 2 has only been grown in situ using chemical 
vapor deposition (CVD) techniques with a TiC14 
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precursor [1,2], metalorganic chemical vapor deposi- 
tion (MOCVD) with Ti(OC3H7) 4 as the precursor 
[3-6], and the reactive ionized cluster beam (RICB) 
technique [7-9]. Several orientations of the high- 
temperature futile and low-temperature anatase 
phases have been grown using these techniques. 

In this paper, we report the results of our research 
on the growth of heteroepitaxial TiO 2 films using 
ion-beam sputter deposition with a variety of sub- 
strates. Ion-beam techniques are commonly used to 
produce amorphous TiO 2 optical coatings [10]. The 
purpose of our work is to produce high-quality, 
heteroepitaxial TiO 2 films of the surface orientations 
of the rutile and anatase phases for use in photocat- 
alytic applications. A companion paper discusses 
related work on developing a solid-source MOCVD 
process for the growth of TiO 2 films [11]. 
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2. Experimental procedure 

The films were grown using an ion-beam sputter- 
ing system developed to produce complex oxide thin 
films. This system has previously been used to grow 
heteroepitaxial nonlinear optical films, such as 
KNbO 3 [12]. The chamber was evacuated to 1 × 10 -7 
Torr prior to deposition. Substrates 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 reac- 
tively 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 atmosphere 
consisted of 1 × 10 -4  Torr of Xe and ! × 10 - 4  Torr 
of 02. Films were grown at substrate temperatures 
from 450 to 725°C. The growth rate was 3 A min-1. 
Films were typically ° grown with thicknesses in the 
range of 700-4500 A. 

The substrates used in this work include (0001), 
(1120), (1010), and (1102)A1203; (100), (110), and 
( l l l )MgO;  (100)MgA1204; (100) Si; (1010) quartz; 
fused quartz, and microscope-slide glass. All crys- 
talline substrates used were epitaxially polished by 
the suppliers. Prior to introduction into the vacuum 

chamber, the substrates were rinsed with high-purity 
methanol. MgO substrates had to be kept under 
vacuum while being stored to prevent the formation 
of hydroxides on their surfaces. All substrates were 
kept in dryboxes prior to use. 

The ratio of Ti to oxygen and the thickness were 
measured using Rutherford backscattering spectrom- 
etry (RBS) of 2 MeV 4He+ ions. The crystalline 
structure of the films was checked by X-ray diffrac- 
tion with C u K a  radiation and RBS channeling. 
Their surface roughness and morphology were exam- 
ined by atomic force microscopy (AFM) and scan- 
ning electron microscopy (SEM). 

3. Results and discussion 

3.1. Structural properties 

RBS measurements were used to determine the 
Ti:O stoichiometry of the films. Stoichiometric TiO 2 
films were grown at all temperatures with the cham- 
ber oxygen pressure at 1 × 10 -4  Tort. The crys- 
talline structure of the films was examined by X-ray 
diffraction and RBS channeling. Table 1 shows the 
TiO 2 phases and orientations of several of the het- 
eroepitaxial films grown with their corresponding 

Table 1 
Growth conditions and properties of heteroepitaxial TiO z films grown by ion-beam sputter deposition 

Film Substrate Growth Thickness FWHM 

temperature (~,) (degree) 
(°C) 

Min. yield: Ti 

( % f i l m / % b u l k )  

Roughness 

~ s  (~) 

(100) futile (0001)A1203 725 700 0.20 
2200 0.20 
4500 0.20 

(11 I)MgO 725 700 0.80 

( 101) rutile (1120)A1203 725 700 0.35 
2200 0.35 
4500 0.35 

(1102)A1203 725 700 1.0 
(001 ) rutile ( 1010)A1203 725 700 0.35 

2200 0.35 
4500 0.35 

(110) rutile ( 110)MgO 600 700 1.5 
2200 1.5 
4500 2.25 

(100) anatase (100)MgO 450 700 1.75 
(100)MgAI204 550 700 1.25 

5/5 

33/17 

25/3 

50/17 

5-7  
4-5  

7-25 
35 

12-38 
24-75 

55 
90 
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Fig. 1. The X-ray rocking curve FWHMs as a function of growth 
temperature for the following TiO 2 films: (O) (100) 
rutile/(0001)Al203, (O) (101) futile/(1120)A1203, (X) (001) 
rutile/(1010)A1203, (zx) (110) rutile/(ll0)MgO, ( , )  (100) ru- 
tile/(lll)MgO, ( v )  (101) rutile/(ll02)A1203, (A) (100) 
anatase/( 100)MgO, and ( • ) (100) anatase/( 100)MgAl: O 4. 

substrates. The growth conditions listed for each 
TiO 2 orientation are generally those which produced 
the highest-quality films on that substrate. The full 
width half maximums (FWHMs) of the X-ray rock- 
ing curves of the TiO 2 film peaks are also listed in 
Table I. Fig. 1 shows the FWHMs of the rocking 
curves of the films as a function of growth tempera- 
ture. The ratios of the RBS channeling minimum 
yields of Ti in the films to those obtained for bulk 
single-crystal rutile samples of the same orientations 
are shown in Table 1 for several of the highest-qual- 
ity films. These results give a measure of the degree 
of disorder of the Ti ions in the films. In addition, 
RBS channeling maps of the cation scattering in 
these films, their substrates and similar orientations 
of bulk single-crystal rutile samples were determined 
in an angular range of _+ 5 ° from the minimum-yield 
positions. Comparison of the channeling maps corre- 
sponding to each film orientation allowed the in-plane 
film structure and the symmetry relationship of the 
film to the substrate to be examined. 

The X-ray rocking curve FWHMs of the (100) 
rutile films grown on (0001)Al203 are 0.2 ° - the 
resolution of the instrument used. This is comparable 
to the best results obtained previously with the 
MOCVD and RICB techniques [6,8,9]. The FWHMs 
of the rocking curves are not found to be a function 
of the growth temperature or film thickness in the 
ranges investigated here (Table 1, Fig. 1). The RBS 
channeling minimum yield of Ti is 5%. This is equal 

to the value obtained for the bulk single-crystal ruffle 
sample and suggests that there is very little disorder 
in the film. The channeling maps in Fig. 2 show that 
the pattern and symmetry of the bulk ruffle crystal, 
film, and substrate maps are similar, indicating that 
the film is aligned in the plane of the film and to the 
substrate structure. Single-crystal heteroepitaxial 
films of this orientation on (0001)A1203 were previ- 
ously reported using the RICB technique [9]. The 
quality of these films is somewhat surprising given 
the large lattice mismatches calculated. Depending 
on the coincident site lattice (CSL) method used, 
mismatches of (3.76 and 7.27%) and (3.59 and 
8.03%) have been obtained for this film/substrate 
system [6,8,9]. The (100) ruffle films were also 
grown on (111)MgO substrates from 650 to 725°C. 
The minimum rocking curve (0.8 ° ) was observed for 
the film grown at 725°C. 

The (101) rutile films grown at 725°C on 
(ll20)A1203 have 0.35 ° rocking curves. The 
FWHMs of the rocking curves are comparable to 
those obtained previously for this film orientation 
and substrate [3,4,9]. The rocking curve widths do 
not appear to be a function of the thickness of the 
film, up to 4500 ,~. However, the widths of the 
rocking curves of the films do increase as the growth 
temperature is lowered (Fig. 1), as observed in Ref. 
[6]. The RBS% minimum yield of the 725°C film is 
33%, which is approximately two times that of the 
bulk crystal sample. This indicates that there is some 
disorder on the Ti sublattice in the film. However, 
the RBS channeling map of the film has a similar 
pattern and symmetry to that of the bulk single-crystal 
rutile, suggesting that the in-plane structure of the 
film is highly oriented. Single crystal films of this 
orientation have reportedly been grown before on 
(1120)A1203 using both the MOCVD and RICB 
techniques [3,4,9] The channeling minimum and 
symmetry pattern of the film map are offset by 
approximately 2-3 ° from those of the substrate, indi- 
cating that (101) ruffle prefers to grow "ti l ted" 
slightly off-axis under these conditions on 
(1120)A1203. Earlier work using the MOCVD tech- 
nique showed that the (100) rutile orientation pre- 
ferred to grow when this substrate was cut 3 ° off-axis 
[5]. Both of these observations indicate that a spe- 
cific matching of the ions at this film/substrate 
interface is necessary for heteroepitaxial growth to 
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Fig. 2. RBS channeling maps showing the channeling yield in 
arbitrary units (a.u.) versus the angular tilt of the sample around 
the x and y axes for (a) single-crystal bulk (100) rutile, (b) the 
(100) rutile film (700 A thick), and (c) the (0001)AI203 substrate. 
The channeling maps were produced by monitoring the cation 
scattering efficiencies. The film and substrate maps were taken 
simultaneously. 

occur. Some variability in the results were observed 
for growth on (1120)A1203 substrates processed at 
different times, possibly due to the substrates being 

cut slightly off-axis. The CSL mismatches reported, 
(0.91 and 5.78%) [9] and (0.5 and 5.9%) [3,4], are 
smaller than those calculated for the (100) 
rutile/(0001)A1203 films, but are still rather large in 
one direction. The (101) rutile orientation could also 
be grown on (1102)A1203 substrates from 450 to 
725°C, but the minimum rocking curve (1 ° at 725°C) 
was larger than that obtained for films grown on the 
(1120) orientation. 

Rutile films with the (001) orientation were grown 
on (1010)A1203 substrates. This is the first report of 
the heteroepitaxial growth of the (001) rutile orienta- 
tion. The films grown at 725°C have an X-ray rock- 
ing curve of 0.35 ° , which is constant over the range 
of thicknesses grown. The rocking curves do gradu- 
ally increase with decreasing growth temperatures 
(Fig. 1). The RBS% minimum yield is 25%, which is 
considerably higher than the 3% measured on the 
bulk-crystal sample. However, the RBS channeling 
maps of the film and (001) bulk rutile crystal have 
similar patterns and symmetries. The results indicate 
that the films have a significant amount of disorder 
on the Ti sublattice, but that their structure is ori- 
ented in the plane of the film. The channeling mini- 
mum and symmetry pattern of the film and substrate 
are aligned. The CSL mismatch calculated using the 
lattice parameters of these orientations of rntile and 
A1203 are (3.6 and 5.72%), which is in the range 
calculated for the other films/substrates. 

The (110) rutile films were grown at 600°C on 
(110)MgO substrates and the widths of the X-ray 
rocking curves of these films are 1.5 ° . Previously, 
(110) rntile films were grown on (100)MgO sub- 
strates using CVD techniques [1,2]. The X-ray rock- 
ing curves were similar [2]. While a relatively small 
effect of thickness is observed on the rocking curve 
width in the range investigated here, there is a very 
dramatic temperature effect. In fact, the heteroepitax- 
ial structure of the film is only observed from 600 to 
625°C. The RBS channeling minimum yield is 50%, 
which is approximately three times that observed for 
the bulk crystalline rntile sample. The RBS channel- 
ing maps of the film and single crystal rutile sample 
have similar patterns and symmetries, indicating that 
the films are aligned in the plane of the film. The 
RBS minimums and symmetries of the film and 
substrate also appear to be aligned. The CSL mis- 
match calculated for this film/substrate system (0.6 
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and 2.7%) is much smaller than those of the other 
films discussed. This makes the narrow temperature 
range of heteroepitaxial growth rather surprising. 
One possible explanation for this behavior is the 
formation of twins in the film on the {011} planes 
due to thermal stresses at other growth temperatures. 
These twins are commonly observed in bulk futile 
crystals [13]. 

The (100) anatase orientation was grown on 
(100)MgO and (100)MgA1204 substrates at growth 
temperatures of 450-550°C and 550°C, respectively. 
The X-ray rocking curve FWHMs were 1.75 ° on 
MgO and 1.25 ° on MgA1204. Heteroepitaxial growth 
of the (100) orientation of anatase has not previously 
been reported. The (112) orientation has been grown 
on (0001)A1203 and glass substrates [3,4,7]. (001) 
anatase films were grown on (001) SrTiO 3 [6]. It is 
interesting that many of the rutile film orientations 
can be grown at temperatures below the 700°C tran- 
sition temperature [14]. 

No heteroepitaxial growth was observed using 
(100) Si and (1010) quartz substrates at 450-550°C 

or fused quartz and microscope slide glass at 650°C. 
Other workers have obtained similar results using 
other techniques [8,15,16]. The only reported in situ, 
heteroepitaxial growth of either TiO 2 phase on these 
substrates was (112) anatase on glass [7]. The (110) 
rutile has been grown on (100) Si by annealing after 
deposition [17] and oxidizing epitaxial TiN films 
[18]. 

3.2. Surface morphologies 

The surface morphologies of several of the films 
have been examined using AFM and SEM. The 
root-mean-square (RMS) values of the surface 
roughnesses determined from AFM are shown in 
Table 1 for films with thicknesses of 700 and 2200 
A. The SEM images of the surfaces of the 2200 ,~ 
thick films are shown in Fig. 3. The smoothest film 
is the (100) orutile/(0001)A1203. The surface rough- 
ness is 5-7  A for the 700 A thick film and does not 
increase as the film thickness increases to 2200 ,~. 
The lack of prominent features in the surface topog- 

Fig. 3. SEM micrographs of the following 2200 A thick rutile films: (a) (100)/(0001)A1203, (b) (101)/(1120)A1203, (c) 
(001)/( 1010)A1 ~ O3, and (d) (110)/(110)MgO. The magnification scale of the images is shown on (a). 
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raphy is also apparent in the SEM micrograph in Fig. 
3. The (101), (001), and (110) rutile films do become 
rougher as they become thicker. The RMS surface 
roughnesses of the 2200 ,~ thick (101) 
rutile/(ll20)A1203, (001) rutile/(1010)A1203 and 
(110) rut i le/( l l0)MgO films are 35, 24-75 and 90 

o 

A, respectively. Fig. 3 shows that each of these films 
has a distinct surface morphology. The (101) and 
(110) rutile films have significant regions of their 
surfaces which are quite smooth compared to the 
overall surface, as might be expected from the mor- 
phology of bulk rutile [13]. The (100), (101), and 
(110) facets occupy the majority of the surface area 
of bulk rutile crystals. 

3.3. Growth mechanisms 

The mechanisms of growth of the (100) rutile/ 
(0001)A1203, (101) rutile/(11"20)A1203, and (001) 
rutile/(1010)A1203 films grown at 725°C were in- 
vestigated by examining the surface morphologies of 

o 

films nominally 15 and 100 A thick using AFM. The 
maximum height, RMS roughness and island diame- 
ters were characterized for each film. All of these 
films appear to grow via island or Volmer-Weber 
type growth. This growth mechanism may occur due 
to the relatively large interfacial energy resulting 
from the CSL mismatches between the tetragonal 
rutile and pseudo-hexagonal AI203 structures. 

The island diameters observed are approximately 
150 ,~ for all of the 15 ,~ thick films. The maximum 

o 

heights vary in the range of 22-33 A, and the RMS 
roughnesses are between 2.2 and 3.5 ,A depending on 
the orientation. As the films get thicker, the island 
dimensions grow at different rates for each orienta- 
tion. The islands found on the 100 A thick, (101) 
rutile film were elongated (250 x 500 ,~z). This 
growth morphology most likely results in the tex- 
tured surface seen in Fig. 3. The maximum heights 
and RMS roughnesses of the (100) rutile films are 
larger than for the other orientations at both thick- 
nesses. This may result from the larger CSL mis- 
match for the (100) rutile/(0001)A1203 film. In fact, 
at ~ 100 ,A thickness, the maximum heights and 
RMS roughnesses of the films correlate with their 
CSL mismatches. However, by the time the films are 
700-2200 ,A thick, the surface roughnesses are not 
correlated to the lattice mismatches. Surface energies 

may play a more dominant role in determining the 
surface morphologies as the films become thicker. 

4. Conclusions 

The ion-beam sputter deposition technique has 
been used to successfully grow heteroepitaxial ' r i o  2 

films of the rutile and anatase phases. The highest- 
quality futile films were (100)/(0001)A1203, 
(101)/(1120)A120 3, (001)/(1010)A120 3, and 
( l l 0 ) / ( l l 0 )MgO.  The X-ray rocking curves and 
RBS channeling data indicate that these films are 
aligned both perpendicular and parallel to the plane 
of the film. Distinct surface morphologies are ob- 
served for each orientation. The growth mechanisms 
of the (100), (101), and (001) rutile films were 
investigated, and the data suggests island or 
Volmer-Weber type growth. The (100) and (101) 
rutile orientations were also grown on ( l l l )MgO 
and (1102)A1203, respectively. (100) anatase grew 
on both (100)MgO and MgAI204. 
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