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Abstract. Epitaxial TiO, films were grown on off-cut «-Al,03(0112) (R-plane sapphire)
substrates by gas-phase atomic layer deposition at 550-750°C. X-ray diffraction and reflection
high-energy electron diffraction measurements showed that the films had a two-domain (101)
textured rutile structure. The domains made a straight angle about the normal to the substrate
(011 2) plane; those quantitatively superior were 3° inclined with respect to the plane, resulting in
the overal orientation relationship (011 2)[2110]_ e l(Q0D[010],[01 0] (3°)ruiie- AN
account of the two-domain growth was given. The epitaxia quality worsened with the increase in
the deposition temperature.

Key words: atomic layer deposition, epitaxy, rutile titanium dioxide, R-plane sapphire, X-ray
diffraction, X-ray fluorescence, reflection high-energy electron diffraction.

1. INTRODUCTION

Singlecrystal a-Al,03(0112) has been used on numerous occasions as a
substrate for epitaxial deposition of thin films. Thereare (1102) and (1012)
structural equivalents, and the product is frequently referred to as R-plane
sapphire. The heterocompositions obtained are of great concern by themselves
and for various applications. Interestingly, the list of materials that can be
epitaxially deposited on R-plane sapphire is rather long. It includes, e.qg., AIN [1],
Al,0;[?]  (homoepitaxy), BisTizOr[’], CdTe[’], CeO["], CuMosSs[’l,
EUAIO; [], GAAIO; [¥], GaAs[?], GaN [*], Ge["], MgO[*], Nb[*™], S [*],
SN0, [], SITiOs[*], VO[], WO5[*], YBaCu07,[*], ZnO[*], and
ZrO, [?]. TiO, ranks rather high on the list [%°]. Works [*7?"%*] are relevant to
the growth of TiO, on the R-sapphire substrates by gas-phase atomic layer
deposition (ALD) [***]. When performing ALD, Til,—H,0, Til,—H,0,, Til~O,,
and TiCl,—H,O precursor combinations have been used. Irrespective of the
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combination, the crystalline quality of the ALD-grown films has been shown to
increase with deposition temperature, Tyep. IN previous studies, the temperature,
however, did not exceed the 500°C limit.

The objective of the present experiments was to determine the crysta
characteristics of titanium dioxide films, ALD-grown on the R-plane sapphire
substrates at temperatures higher than those used to date. In the experiments, the
range of Tge Was extended to 750°C. Multiple domain structure of the films and
crystallographic tilting of the domains were studied.

2. EXPERIMENTAL

We grew TiO, films onto single-crystalline 0.5° off-oriented a-Al,03 (011 2)
substrates in a self-constructed miniature travelling-wave ALD reactor from
silica with a channel cross-section of 30 mm?[*)]. The surface area of the
substrates was 100 mm?. Prior to being placed into the reactor, they were boiled
in a mixture of H,SO,, H,0O,, and H,O, and rinsed in triple distilled water. The
source materials, 99.9%-pure TiCl, and a 30% agueous solution of H,O,, were
evaporated at 26°C. N, of 99.999% purity was used as a carrying, supply
switching, and purging gas. The total gas flow rate was 80 sccm. The vacuum in
the reactor was held at 10 mbar. A deposition cycle included a0.2 s TiCl, supply,
0.3 s purge, 1s H,O—H,O supply, and 1s purge. In a growth-run, 100-3000
cycles were applied. Deposition temperature varied from 550 to 750°C.

The quality of the product films was examined by X-ray diffraction (XRD)
and reflection high-energy electron diffraction (RHEED), their thickness, by
X-ray fluorescence (XRF) along with the calibration by X-ray reflection (XRR).
In carrying out these experiments, use was made of D 5000 (Bruker AXS) and
X'Pert MRD (PANalytical) X-ray diffractometers with Cu K, tube sources, a
X-Lab 2000 (Spectro Al) X-ray fluorescence spectrometer measuring Ti K,
signal, and an EMR-100 electron diffractometer providing depth information
from several nanometres underneath the sample surface. The XRD data were
obtained upon adjusting the substrate (0112) plane paralel to the holder
surface. Low- (1°) and high-angle incidence was used, as well as a variation of
four standard positioning angles: 20, o (6-rocking), ¢ (azimuth), and y (tilt). The
20-signal was measured under continuous g-rotation. On the analogy of [*], the
film thickness was in situ assessed by registering the Brewster-angle reflection-
geometry optical interference signal (light source 633 nm He—Ne laser) from the
film depositing on the inner side of a quartz-glass window-substrate — a
constituent part of the reactor — substituted together with the sapphire substrate.

3.RESULTS AND DISCUSSION

The ex situ XRF—XRR measurements demonstrated that the growth rate of
TiO, films (Fig. 1), decreasing linearly with the T, increase, was considerably

258



Q
U -
5 0.04 Quartz glass ] g
~
c substrate @© N
c = x
- =
g 2
© 0.02 - Sapphire Q
% substrate £
o
S
O o0.00 L L L
500 600 700 20 30 40 50 60 70 80

T °C 20, degrees

dep’
Fig. 1. XRF—XRR determined Tg, dependences of Fig. 2. XRD 6-26-scans for TiO, films, ALD
ALD rate of TiO, on R-sapphire and amorphous grown on R-sapphire substrates at different
quartz substrates. In the latter case the deposit was Tge,. The 550, 650, and 750°C films were
apolycrystalline anatase-rutile mixture. respectively 56, 39, and 8 nm thick. R stands
for rutile, Sfor sapphire.

slower on single-crystalline R-plane sapphire than on amorphous window-quartz,
taken as a reference; a quicker decrease was likewise characteristic of deposit
formation on sapphire (the rate equalled 0.027 and 0.006 nm per cycle at 550 and
750°C, respectively). The small and unsaturated gain suggests that the realized
process was, in fact, far fromtrue ALD.

Figure 2 shows XRD #-26-scans of the samples prepared. On the scans,
diffraction peaks indexable as TiO, (rutile) 101 and 202 can be easily
observed. Thus, the films deposited on a-Al,O3(011 2) substrates were mono-
phasic and strongly 101 oriented. Accordingly, the out-of-plane orientation
relationship was (011 2)g, e ll(101) - Ye€t, as follows from the grazing
incidence scans short cuts of which complete the set of the plots depicted in
Fig. 2, a small amount of 002 domains tilted relative to the (101) plane
appeared in afilm prepared at the highest Tgep.

Rather low values, not exceeding 1°, of the full width at half-maximum
(FWHM) of w-scans (Fig. 3) are indicative of an epitaxy with a medium-grade
out-of -plane alignment. The highest-temperature films had, with their 1° FWHM,
the most pronounced mosaic spread.

X-ray diffractometry ¢-scans were used to identify the in-plane orientation
relationship. Note that the number of peaks in a ¢-scan shows the number of
crystallographic planes of a particular family that form the same angle with the
surface plane, or, substitutionally, with the immediately adjacent high-atom-
population plane. In our case, the (011 2) plane of the substrate and the (101)
plane of the film served as reference planes. The lower curve in Fig. 4 shows a
result of g-scanning for the sapphire {02210} family. There is only one plane
out of six, namely (02 210), which has an angle of 25.38° (calculated value)
with the reference plane. In consequence, a single peak should be seen, just as on
the curve. Since ¢ was scanned with steps of 0.5°, they were, due to a high
quality of the substrates, too large to give an estimate of the width of the peak.

259



] | T =650°C
S S L
«© ©
= S
z 2 v
Q O | R301 33°
C C
- — | R301 30°
1S02210 . .255° ¢
| | | | | |
-1.0 -0.5 0.0 0.5 1.0 0 90 180 270 360
o, degrees ¢, degrees

Fig. 4. XRD ¢-scans obtained at different
sample tilt angles y for the 02 210 reflection
from a R-sapphire substrate and the 301
reflection from a 39 nm TiO, film ALD grown
a 650°C. R and S denote rutile and sapphire,
respectively.

Fig. 3. XRD w-scans for TiO, films, ALD
grown on R-sapphire substrates at different
Taep- The samples were the same asin Fig. 2.

The middle curvein Fig. 4 isa¢-scan for the TiO, rutile {301} family. There
is only one plane out of four, namely (301), which makes an angle of 29.85°
with the reference plane. Again, only one peak should appear. The peak present
on the curve near 315° meets the expectations. It has a FWHM of about 2°,
implying quite a high in-plane alignment of the film. The peak occupies the same
¢ position as that of sapphire (02 210). Thus, because the zone axis for the
sapphire (0112) and (02210) planesis[21 10] and that for the rutile (101)
and (301) planes is [010], the in-plane epitaxial relationship was
[2 11 O]sapphire "[010] rutile *

This in-plane relationship was, however, neither unique nor dominant. Note,
first, that instead of one peak expected for a single-domain TiO, film, two peaks
were seen, the second being shifted by 180°. On the middle curve, the shifted,
left-positioned peak is rather small. The appearance of the two peaks verifies the
coexistence of two domains having a 180° in-plane rotation. Further, the y-tilting
of the sample could increase the left-hand peak. Shown in Fig. 4 (upper curve) is
the ¢-scan of the film obtained by changing the tilt angle by Ay = 3°, which
brought the intensity of the peak to an upper limit. The maximum observed
exceeded the maximum of the other peak it had at Ay = 0°. The widths of both
peaks were equal (FWHM ~2°). Thus, the gquantitative prevalence of the
domains, characterized by a slight inclination of the (101) plane with respect to
the substrate (0112) plane and their straight-angle rotation compared to the
“regular” orientation, has been established. A generalized orientation relationship
for these domains can be written as [2 1 1 0] v [0 1 01(3°) e -

The competition between the two domains might be understood by looking at
the diagrammatic presentations of the atomic arrangement on the cross-sections
of the interface between the film and substrate (Fig. 5a,b). For both materials, the
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arrangement, which is shown, copies that of the bulk. Here it is not necessary to
go over the arrangements on the (011 2) plane of sapphire and (101) plane of
rutile titanium dioxide: their schematics can be found in anumber of articles (see,
e.g., [?]). It should, however, be noted that, judging by the schematics, the
surface-plane fit-together of oxygen sublattices, imperfect as it is, worsens
remarkably when rutile is rotated by 180°. Being of the opinion that in our case it
is easier to estimate the fit/unfit by examining cross-sectional positions of the
atoms, we have calculated them. An assumption was made that the growth begins
with the filling of Al sitesby Ti (cf. [**%]). Figure 5a shows that in the “regular”
case the atomic network continues not very much perturbed across the sapphire—
rutile interface. If the other domains were only rotated about the normal to the
(101) plane, it would not be the case. A corresponding cross-sectional view (not
shown here) provides the proof. On the other hand, the inclination of the latter
domains can restore, to a high degree, the quality of the continuation of the
atomic network (Fig. 5b). Hence the growth of the rotated-inclined domains in
parallel to the regular ones should be rather probable. The existence of the two-
domain structure in fairly thick (~60 nm) films might be explained by the
columnar or lamellar growth of the domains.

The RHEED images for the 8 nm films grown at 650 and 750°C are depicted
in Fig. 6a,b. Both images demonstrate that the growth of the films took placein a
three-dimensional mode. Continuing from 550°C (the pattern is not shown), the
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Fig. 5. Cross-sectional schematics of atomic arrangement at the interface between rutile
TiO,(101) and a-Al,03(0112) for (&) untilted (view along [010]) and (b)tilted (view
along [010]) domains in the film. Shown are parallel layers: two consisting of Ti atoms (dark
circles), two of Al atoms (light circles), and four of O atoms (large circles), the more inward, the
thinner is the contouring. Rectangles are outlines of the rutile (R) tetrahedral and sapphire (S)
hexagonal unit cells projected onto the cross-sectional planes (010) and (2110), respectively.
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Fig. 6. RHEED images for 8 nm TiO, films, ALD grown at (a) 650 and (b) 750°C on R-sapphire
substrates.

diffraction features gradually lost their streakiness. The loss reflects the increase
in the islanding-caused microroughness of the films with Tge. A superimposed
ring pattern, although hardly visible in Fig. 6b, aimost total absence of the spot
elongation, deformation of periphera features, and appearance of new, abnormal
spots were characteristic of the 750°C films. All this proves, like XRD data did,
that these films had the worst epitaxial quality.

A more detailed study of the formation of the domain structure at issue is yet
to be made. It is of interest, e.g., to determine whether the phenomenon is
connected with the inclination of the substrate and if so, how the angle and
direction of this inclination change the result. Application of the cross-sectional
high-resolution transmission electron microscopy in the analysis would a so be of
great interest.
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4. CONCLUSIONS

Epitaxial TiO, rutile films were ALD-grown in a high-temperature range of
550-750°C. The growing was performed from TiCl,4 and H,O—H,0O on 0.5° off-
axis R-plane sapphire. The films were (101) textured and exhibited a two-
domain structure. Some domains were rotated relative to the others through 180°
about the normal to the substrate (0112) plane. The quantitatively superior
domains were, in addition, inclined by 3° with respect to this plane. Briefly, the
crystallographic relationship (011 2)[21 1 0] gppire [|(L0D[010],[0 1 O(3°) 16
held. A possible explanation for the two-domain growth was offered. In the range
of interest, the epitaxial quality of the filmswas found to worsen with an increase
in Tdep-
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TiO, korgematemperatuurne aatomkihtepitaksia TiCl,
ja H,O,—H,O-st

Ahti Niilisk, Arnold Rosental, Aivar Tarre ja Teet Uustare

Kasutades menetlusena gaasifaas-aatomkihtsadestamist ja alusmaterjalina vit-
sinaalset a-Al,0;(0112) (R-sdfiir), realiseeriti toGtemperatuuril 550-750°C
TiO; kilede kasvatamine epitaksiaalvormis. Réntgendifraktsiooni ja peegeldunud
suure energiaga elektronide difraktsiooni méotmised néitasid, et protsessi resul-
taat oli kahedomeeniline (1 0 1)-tekstureeritud rutiil. Domeenid paiknesid sirg-
nurgi aluse (011 2)-pinna normaali Umber; need domeenid, mis olid arvulises
Ulekaalus, olid 3° kaldu selle pinna suhtes. Kokku vottes kehtis orientatsiooni-
suhe (011 2)[21 1 0], [|(201)[010],[01 0](3°),,;- Pakuti vélja kahedomeeni-
lise kasvu seletus. Sadestustemperatuuri tOstmisel kilede epitaksiaalomadused
halvenesid.
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